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Abstract: A kind of non-contact sensor based on capacitance method was designed. With the aid of the network vector
analyzer, the probe of the sensor was measured in the organic solution with different dielectric constants, and the
capacitance variation range of the ring probe of the sensor was determined as 7. 08 ~22. 75 pF. This paper formed 11 high-
frequency ceramic capacitors with different capacitances respectively connected with 102 nH winding inductor in parallel
into resonance circuit. Using the circuit to carry out experiment, the decision coefficient of test results and simulation
results all reached 0. 98. The measurement accuracy of the detection circuit met the sensor design requirements. Clay loam
in Beijing area was chosen as experimental sample. The output of sensor detection unit and the corresponding measured
values were carried out the polynomial fitting and linear fitting with a coefficient of determination of 0. 9959. The static and
dynamic performance of the system can meet the soil moisture detection requirements. The effect of temperature on the
output of the sensor was analyzed. The output of the sensor was fit with the temperature, and the coefficient was 0. 987 9.
The energy index K, was further proposed. By the experiment, the influence ranges of longitudinal and transverse were
identified as 10 cm and 5 e¢m. Finally, the comparison experiments showed that the proposed non-contact type moisture

sensor was similar to that of the foreign products. It met the requirements of non-contact measurement of soil, at the same

time, it had high cost-performance and laid the localization foundation for the similar products.
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0 Introduction

The soil moisture content is the important factors that
affect plant growth'''. Commonly used soil moisture

content detection methods are drying method,
resistance method, tension meter method, neutron
method and dielectric method, etc. Because of the
rapid response, high safety and reliable performance of
dielectric method, it has been widely used in
agricultural research'?™®'.

The sensor in use of dielectric method to measure the
soil moisture content could be divided into contact
measurement sensor and non-contact measurement
sensor. Contact sensors in needle probe structure,
generally should be buried in layers accordance with
the depth of monitoring set. More typical sensors are

ML3 ThetaProbe sensor of Delta-t in British, ECH20
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series sensor of DECAGON in America, TRIME — HD2
TDR sensor of IMKO in Germany and the DB —1Il soil
moisture content sensor based on SWR principle that
was independently researched and developed in Beijing
Forestry University in domestic. A non-contact sensor
uses a ring probe structure, which works in the pre-
buried PVC pipe'® ™", such as soil moisture expansion
line system of EnviroSCAN and soil moisture profile
of Diviner2000 of Sentek

Compared with the contact measurement sensor, there

instrument company.
are many advantages in convenient installation, no-
damaged to the soil structure and easy replacement
. [11-16]
when non-contact measurement sensor is used .
However, it is difficult to analyze because of detection
area around the non-contact sensor probe is more

complex, therefore, the difficulty of product design is

increasing. Although the performance of such products
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abroad has been recognized, but it is difficult to be
widely used because of the high price, so it is very
important to design non-contact sensor with high
performance and low price with for promoting the
application of sensors.

Base on above consideration, was a non-contact soil
moisture sensor used the dielectric theory of
capacitance method was designed according to the

theory of parallel resonance.

1 Principle and structure of moisture

sensor

1.1 Measurement theory

Using the capacitance method to measure the soil
moisture content actually reflected the change of
capacitance of ring probe in soil.

Detection principle and working environment is

shown in Fig. 1.
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Fig.1 Test environment and principle of soil moisture sensor
1. Probe 2.PVC pipe 3. Electrode receiving port of copper 4. Test

soil

According to the parallel resonance theory'' ="

fe—— (1)

2m/LC,
where f is resonance frequency; L is parallel resonant
inductance; C, is induction capacitance of ring probe.

To characterize the change of capacitance of the ring
probe, the change of parallel resonant frequency
detection is needed. The capacitance of the non-
contact sensor is related to filled media, as

¢, =ge,2, (2)
where g is constants related to shape size; &, is
dielectric constant of medium filled around ring probe;
&, is dielectric constant in vacuum.

Soil is a kind of porous media, and its relative
dielectric constant as in complex domain could be
calculated

e =g -j&" (3)

where &’ is the real part of the dielectric constant

which represents energy storage; &” is the imaginary
part of the dielectric constant which refers to the loss of
total energy storage.

The imaginary part of the dielectric constant is
mainly composed of dielectric relaxation loss coefficient
of €] and ionic conductivity of o, namely

o
”n n

=g+
¢ 2mfe,

(4)

e ) (5)
On both sides of Eq. (5) multiplied by ge,, the

following information were obtained

e =g —j (8

€ =C" =i (5 +gele, | (6)
joC, =jwC” + (go +gwee,) (7)
G =go +gwele, (8)

joC, =jwC” +G (9)

where C” is the real part of capacitance of the ring
probe; G is dielectric loss the ring probe.

The conclusion was arrived in the light of Eq. (8),
which revealed the dielectric loss was mainly affected
by conductivity and polarization of soil. According to
previous research, the influence of the dielectric loss &
on the change of impedance of the probe could be
neglected during the analysis when the conductivity of
the soil leaching solution was very low. Since the
conductivity of the leaching solution of the test soil was
lower than 0.20 mS/cm, the dielectric loss & is
neglected.

Taking the impact of stray capacitance and PVC pipe
on the circuit in measurement process into account, the
parameters C, and C are added in the circuit. The
resonant circuit model of the moisture sensor is shown

in Fig. 2.
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Fig.2 Equivalent circuit for capacitance probe sensor

The capacitive reactance C, of the sensor ring probe
in Fig. 2 can be expressed as
c,.C
C,+C

C =Ci+ (10)
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where Cj is stray capacitance of the sensor ring probe;
C, is capacitance of PVC pipe.
Further concluded

- ! (11)

0 21TJL (C”Cfpfc)

where f, is output frequency of the sensor.

The parallel resonant inductance and the induction
capacitance of the PVC pipe are fixed during the
measurement, which could be seen from Eq. (11). So
the change of output frequency is mainly affected by
the induction capacitance C* of soil.

1.2 Hardware circuit structure

The non-contact soil moisture sensor designed
consists of two parts; sensor probe and detection
circuit. The sensor probe is cylindrical, the outside of
which embedded with two brass ring electrode, and the
two electrodes, the diameter and height of which are
25mm , were separated by 15mm. The detection
circuit board and the brass electrode are fixed to the
inside of the probe through the metal wire connected.
This non-contact sensor in the PVC pipe which
preliminarily buried in soil needs to be equipped with a

k' The system,

dedicated collection device to wor
which mainly consisted of the resonant unit made of
voltage-controlled oscillator, shaping circuit unit,
frequency division unit, STM8 microcontroller unit,

the temperature detection unit and D/A conversion

unit, is shown in Fig. 3.
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Fig.3  Principle diagram of test panel system

The ring probe, as a parallel resonant circuit

capacitor, generated high-frequency signal under the

high-

frequency signal was turned into low-frequency signal

action of voltage-controlled oscillator, the
of 2 ~4 kHz and sent to the microcontroller by means
of the shaping and frequency dividing. According to
the normalized fitting model of the output frequency
and the volume moisture content and with the

compensation of temperature obtained by the

temperature  detection unit, the microcontroller

commanded D/A module ( DAC7571 )

frequency output of the moisture detection circuit into a

to convert

voltage output of 0 ~2 500 mV.

2 Characteristics analysis for capacitive
reactance of soil moisture sensor

In the design of soil moisture based on the
capacitance method, it is of great importance to run the
characteristics analysis for capacitive reactance of the
ring probe. In this paper, with the help of a high-
frequency vector network analyzer ( NA7300 type,
50 Q, Tianjin Deli Electronic Instrument Company,
the scanning frequency was 0.3 ~3 000 MHz and the
frequency resolution was 10 Hz ), the capacitance
characteristic of ring probe in 9 media were analyzed.
In the test, frequency was 100 MHz and the reflection
method was applied and the temperature was 20°C.
Totaly 9 kinds of media and its corresponding dielectric

constant were shown in Tab. 1.

Tab.1 Dielectric constant of organic solution (20°C)

Medium Dielectric constant

Air 1.0

Ethylacetate 6.02
Isoamylol 15.19
N-butyl alcohol 17.51
Isopropyl alcohol 19.92
Alcohol 24.55
Alcohol ; water(2: 1) 43.6
Alcohol ; water(1: 1) 53.3
Distilled water 81.00

Firstly, the reagent were put into a PVC testing
tube , which height and diameter were 20 cm, in which
a PVC pipe with height of 20 ¢cm and diameter of
5.6 cm was fixed at the center. Then, the test cable of
the vector network analyzer and the ring probe were
connected using the connector. The vector network

analyzer was calibrated with a load of 50 ) in open and
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short circuit after powered up for 1 h. Finally, the ring
probe was put into the PVC pipe to measure the
capacitance. In the experiment, the test result was
average of 5 times, thus reducing the operation error.

The test results were shown in Fig. 4.
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Fig.4 Effect of dielectric constant on capacitance
characteristics of ring probe
As can be seen from Fig. 4, capacitance of the ring
probe and the dielectric constant of the surrounding
filled showed a monotonic non-linear relationship.
When the range of the dielectric constant was 0 ~ 15,

the curve was sharply rose and the corresponding range

of capacitance of sensor was 7. 08 ~16.5 pF, and then
curve change was significantly slowed. When the range
of the dielectric constant was 1 ~ 81, the changing

range of capacitance was 7. 08 ~22.75 pF.

3 Measurement accuracy test of detection

circuit

The sensor used the principle of parallel resonance to
detect the soil moisture content. The ring probe of
sensor was equivalent to a capacitor and resonant
inductance determined the test frequency. Taking into
account the probe capacitance and the test frequency
would be affected by the conductivity and other factors,
finally, the 102 nH high-frequency winding inductance
was selected as the resonant inductor. During the test,
11 kinds

simulated the sensor probe and placed in detection

of high-frequency ceramic capacitors

circuit. The output frequency and capacitance were

shown in Tab.2 and Fig.5.

Tab.2 Capacitance and resonance frequency

Capacitance/pF 5 10 12 15

20 22 30 33 39 47 56

Resonance frequency/MHz

220.750 150.546 138.336 128.042 113.250 110.920 110.161 90.682 85.588 79.384 73.701 67.464
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Fig.5 Test and operation results of resonance frequency

in different capacitances

It can be seen from Fig.5, the determination
coefficient of the results was measured by detection
circuit and the simulation results of Eq. 1 was 0. 98,
that indicated the detection circuit could accurately
measure the induction capacitance. The resonant
frequency decreased monotonically as the capacitance
increased. When the range of capacitance of sensor
probe was 7. 07 ~22.75 pF (the maximum variation
in soil) , the range of resonant frequency was 188 ~
104 MHz.
frequency was 188 ~ 104 MHz, the effect of soil

could be

According to previous research, when

salinity on the measurement results

effectively reduced'! .

4 Performance analysis of sensor

4.1 Test of dynamic response performance

The dynamic response performance is an important
index of sensor in the application. It is the time that
the sensor output from changing to stable when the soil
moisture content changed around the detection area.
The test equipment was a PVC testing tube with a PVC
pipe fixed in the center. Firstly, place the sensor in
the PVC pipe and fill the PVC testing tube with water,
the time of the sensor output from the powered to the
stability was 50 ms, which was obtained by the rising
edge capture function of the oscilloscope single trigger.
Then, the sensor was quickly pulled out from the PVC
pipe, the time of the sensor output from changing to
stability was 150 ms.
4.2 Calibration of sensor

In the sensor design, the calibration is a very
important part. The frequency signal of output from the
moisture detection circuit needs to be normalized before
the sensor was calibrated. The normalization method is
as follows
fA _fM
fA _f W

V,=V, (12)
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where f, is the frequency of outputs of the moisture
detection circuit when the sensor was respectively
placed in air; fy, is the frequency of outputs of the
moisture detection circuit when the sensor was
respectively placed in water; f), is the frequency of
outputs of the moisture detection circuit when the
sensor was respectively placed in measured soil; V. is
reference voltage of 2 500 mV.

The frequency signal of sensor output turned into
voltage signal of 0 ~2 500 mV after the normalization.

The soil sample was a typical clay loam from the
nursery of Beijing Forestry University (116°21'14"E,
40°0'54"N) and conductivity of leaching solution was
0.20 mS/em. The compositions of the sample were
11% of sand, 71% of powder and 18% of clay (they
were mass fraction). The samples were firstly air-dried
and screened ( screen’ s pore radius was 0.4 mm).
And then it was dried in a drying oven (105°C,
24 h). Tatolly 9 kinds of the soil testing samples with
different volumetric moisture contents were prepared.
The samples, in density of 1. 6 g/cm’, were uniformly
filled in 9 PVC test tube that height was 20 ¢cm and
diameter was 30 cm. Each tube was placed with a PVC
pipe with height of 40 cm and diameter of 5.6 cm.
After standing for 48 h, to take off the soil samples,
the soil volumetric moisture contents of the 9 test tubes
were determined by the drying method, and the test
results respectively were 1.5% , 8.05% , 11.08% ,
18.02% , 23.56% , 28.77% , 33.58% , 36.75%
and 40. 01% . The test ambient temperature was 10°C.
The calibration environment was shown in Fig. 6. The
sensor output voltage was run polynomial fitting that
collected by a dedicated acquisition device. The results
were shown in Fig. 7.

Fig. 7 revealed that the correlation between output of

the sensor and the soil moisture content was very tight,

Fig.6  Sensor calibration environment
1. Data logger 2. Ring sensor 3. PVC pipe 4.PVC tube
5. RS$485-RS232 6. Computer 7. Power
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Fig.7 Calibration results of moisture sensor

and the determination coefficient R* reached 0. 995 9.
At the same time, it obviously can be seen sensitivity
of the sensor was very high, that was, the soil
volumetric moisture content changed each of 10% there
was more than 600 mV voltage outputted.

4.3 Effect of temperature on sensor output

Taking into account of the sensor in using, the
output voltage might be affected by the environment
temperature, in this paper, the sensor temperature
calibration was designed.

Firstly, the distilled water were put into the PVC
testing tube, of which height and diameter were 20 cm,
in which a PVC pipe with height of 20 ¢cm and diameter
of 5.6 ¢cm was fixed at the center. The soil moisture
sensor was placed in PVC pipe and insulation cotton
was used at upper and lower ends of the PVC pipe to
prevent the heat from flowing.

Next, the PVC test tube was sealed with a plastic
film, and a mercury thermometer was inserted into the
water. And then the PVC test tube was placed into an
oven.

Finally, the oven’ s temperature was adjusted to a
gradient of 10 ~ 50°C at mterral of 5°C. When the
temperature of the mercury thermometer was consistent
with setting temperature of the oven, the voltage of the
sensor was recorded. The test results were shown in
Fig. 8.

As shown in Fig. 8, the output of the sensor and the
soil moisture content had good correlation and the
determination coefficient R* reached 0.987 9. The
output of the sensor increases by about 2. 903 3 mV for
every 1°C rising. The main reason for the voltage rise
was that the dielectric constant of the filled media
around the probe was affected by the temperature and
the change of electrical characteristics of the electronic
components in the circuit was caused by the change of
temperature.  Considering the

sensor output was
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Fig.8 Changes of sensor output with temperature
affected by temperature changes, the temperature
detection function was configured in the soil moisture
sensor. So that sensor output was corrected according
to the real-time temperature. In order to improve the
versatility of the sensor, because of the output interface
of moisture sensor didn’ t provide the temperature
output function, this design only for a single moisture
sensor compensated on the temperature. This solution
could only reduce the effect of temperature on sensor
output in a certain extent, in order to obtain more
accurate measurements, the user should establish a
mathematical model of different gradient of soil based
on the type of soil for analysis'*’.

4.4 Test for sensitivity of sensor
4.4.1 Longitudinal effect area of sensor
The measurement sensitive area of sensor
represented measurement range, was an important
indicator of sensor performance. The test soils, with
volumetric moisture content of 16% , 20% and 25% ,
were prepared according to the method shown in Seition
4.2. The soil samples were sequentially loaded into
3 PVC test tube with height of 20 em and diameter of
30 cm in which a PVC pipe with height of 20 ¢m and
diameter of 5.6 cm was fixed at the center. Using
plastic wrap sealed the PVC test tube to standing 64 h.
The soil moisture sensor was placed in the PVC pipe
which was fixed in the center of PVC test tube in that
configured with the soil samples. The center of the
sensor was 10cm away from the upper surface of the
soil. The sensor was moved upwards at 1 cm gradient,
and the voltage of sensor at each gradient was
recorded. The test results of 3 soils with different
moisture contents were shown in Fig. 9.
Fig. 9 showed that in the process of the sensor in the
PVC pipe moving up, the output voltage of the sensor

monotonically reduced with the increase of moving
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E ! —o— Sail volumetric
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z i 20%
i’ 1200 E 4— Soil volumetric
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(=] e
T 8007 i
- 1
S 6001 i
) DR . i -
-0 -8 -6 -4 -2 0 2 4 6 8 10

Distance/cm

Fig.9 Experimental results of axial sensitivity for sensors

distance. The soil volumetric moisture content didn’ t
had much impact of the sensor’s longitudinal effect
area. The longitudinal effect area of the sensor was

10cm.

measurement data, the sensor designed should be

In order to ensure the accuracy of the

placed at a distance of Sem below the soil surface.
4.4.2 Lateral effect area of sensor

The soil moisture sensor was placed in PVC pipe to
measure the moisture content of the soil in the test tube
that using a knife to change thickness (the distance
from the wall of the PVC testing tube to the soil edge)
at gradient of 1 cm and the voltage of the sensor output

was recorded. The test process was shown in Fig. 10.

12 em 8em 6 em 4em 2em

e

Fig. 10  Experiment of relative radial sensitivity
measurement of sensors
In order to more intuitively realize the effect of soil
thickness on the output voltage of the sensor, this
paper presented an energy index K, to characterize the

energy distribution of the transverse radius of the

sensor, as
Ve = Voye
Ka — C PVC ( 13)
Ve = Vive
where V_; is the voltage of the sensor in soil with a

thickness of 12 em, V. is voltage of sensor in the
PVC pipe (PVC pipe surrounded air) , V, is the real-
time measured value of the sensor.

The test results of the sensor in 16% , 20% and
25% volumetric moisture content were shown in
Fig. 11.

Fig. 11 showed the energy index reduced with the
increase of thickness of the surrounding soil. The 99%
of the energy was distributed within 5 em of the outer

wall of the PVC testing tube for all three gradient soils.
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o W sensor through the paralleled with 11 kinds of
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Disiinoeli capacitance of the high-frequency ceramic capacitor in
Fig. 11  Experimental results of relative radial parallel resonant experiments.

sensitivity of sensors

Therefore, the lateral effect area of the non-contact soil

moisture sensor designed in this paper was 5 cm.
5 Contrast test and result analysis

In order to analyze the performance gap between the
soil non-contact sensor and such products abroad, the
sensor contrast test was designed. The sensor was
compared with soil moisture expansion line system of
EnviroSCAN with a range of 0 ~ 100% and an
accuracy of £2% . Toully 7 soil samples with the soil
10. 4% ,
16.3% , 23.9% , 28.6% , 32.3% , and 36. 5% were

prepared according to the test process in Section 4.2,

volumetric moisture contents of 5.4% ,

two sensors were used for the measurement. The results

of soil non-contact sensor and EnviroSCAN were shown

in Tab. 3.

Tab.3 Comparative experiments with EnviroSCAN

soil moisture systems %
No. 1 2 3 4 5 6 7
EnviroSCAN 5.32 10.61 17.11 24.51 27.65 33.56 36.22
Sensor 5.43 9.92 16.01 23.31 28.62 32.28 35.57

-0.11 0.69 1.10 1.20 -0.63 1.28 0.65
Relative error -2.1 6.5 6.4 49 -2.3 3.8 1.8

Absolute error

As it can be seen from Tab. 3, the absolute error of
the soil volumetric water content was — 0.61% ~
1.20% and the relative error was —2.3% ~6.5%.
The absolute error between the two was less than 2% ,
indicating that the performance of the two sensors was

equivalent.
6 Conclusion

(1) A non-contact soil moisture sensor was designed
to monitor the soil moisture in real time.

(2) The capacitance characteristics of the ring probe
and the performance of the detection circuit were

studied. The capacitance of the ring probe was

(3) From the calibration and correlation test results
it could be seen, the sensor accuracy, sensitivity and
dynamic response performance could meet the sensor
design requirements.

(4) The energy index K, was proposed. The
measuring range of the sensor was obtained by test.
The longitudinal range was 10 cm, and the lateral
effect range was 5 cm.

(5) The comparison test showed that the detection
precision of the designed soil non-contact moisture
sensor was similar to that of the products at abroad.
The absolute error of volumetric moisture content was
- 0.61% ~ 1.20% , and the relative error was
-2.3% ~6.5%.
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Design and Performance Analysis of Soil Moisture Sensor

Based on Capacitance Technology

Gao Zhitao'® Liu Weiping'?>  Zhao Yandong'*
(1. School of Technology, Beijing Forestry University, Beijing 100083, China
2. Beijing Laboratory of Urban and Rural Ecological Environment, Beijing Foresiry University, Beijing 100083, China)

Abstract; A kind of non-contact sensor based on capacitance method was designed. With the aid of the
network vector analyzer, the probe of the sensor was measured in the organic solution with different
dielectric constants, and the capacitance variation range of the ring probe of the sensor was determined as
7.08 ~22.75 pF. This paper formed 11 high-frequency ceramic capacitors with different capacitances
respectively connected with 102 nH winding inductor in parallel into resonance circuit. Using the circuit
to carry out experiment, the decision coefficient of test results and simulation results all reached 0. 98.
The measurement accuracy of the detection circuit met the sensor design requirements. Clay loam in
Beijing area was chosen as experimental sample. The output of sensor detection unit and the
corresponding measured values were carried out the polynomial fitting and linear fitting with a coefficient
of determination of 0. 995 9. The static and dynamic performance of the system can meet the soil moisture
detection requirements. The effect of temperature on the output of the sensor was analyzed. The output of
the sensor was fit with the temperature, and the coefficient was 0. 987 9. The energy index K, was further
proposed. By the experiment, the influence ranges of longitudinal and transverse were identified as 10 cm
and 5 cm. Finally, the comparison experiments showed that the proposed non-contact type moisture

sensor was similar to that of the foreign products. It met the requirements of non-contact measurement of
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soil, at the same time, it had high cost-performance and laid the localization foundation for the similar

products.

Key words: soil moisture sensor; capacitance method; non-contact; performance analysis
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Tab.1 Dielectric constant of organic solution (20°C)
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Fig.4 Effect of dielectric constant on capacitance

characteristics of ring probe
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Tab.2 Capacitance and resonance frequency
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Fig.5 Test and operation results of resonance frequency

in different capacitances
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Fig.7 Calibration results of moisture sensor
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Fig.8 Changes of sensor output with temperature
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Fig.9 Experimental results of axial sensitivity for sensors
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Fig. 10  Experiment of relative radial sensitivity
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