
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT 1

Design and Characterization of a Fringing Field
Capacitive Soil Moisture Sensor

Manash Protim Goswami , Babak Montazer, and Utpal Sarma, Member, IEEE

Abstract— This paper addresses the optimization and imple-
mentation of a fringing field capacitive soil moisture sensor using
the printed circuit board technology. It includes the analysis of
a novel configuration of an interdigital sensor for measuring
soil moisture with two existing configurations. The optimized
designs were simulated by using a 3-D finite-element method and
fabricated by using a copper clad board. The performance of the
fabricated sensors was evaluated using four soil samples collected
from different locations. The observations were compared with
the standard gravimetric method to evaluate the soil water
content of the samples. The characterization method and the
results of the whole sensing system are discussed in terms of
calibration, dynamic test, and repeatability.

Index Terms— Capacitive sensor, fringing field, interdigital
sensor, printed circuits, simulation, soil moisture.

I. INTRODUCTION

SOIL moisture is a crucial parameter in the fields of
agricultural, geotechnical, hydrological, and environmen-

tal engineering. For precision agriculture, the scheduling of
irrigation is highly dependent on soil moisture content and
plant environment. Understanding the physical behavior of
soil water content started with Briggs and McLane in 1897,
which was later carried forward by Buckingham, Gardener
and Richards [1], [2]. These works provided a conceptual
partitioning of soil water content: gravitational water, capillary
water, and hygroscopic water. The gravitational water drains
away due to the gravitational force, and the capillary water has
the properties of capillary action. However, the hygroscopic
water cannot drain because of either of these forces. The
gravitational water drains out from soil within 2–3 days after
rain. Therefore, the capillary water and hygroscopic water are
the two main components of the water content of natural soils.

Over the last century, researchers have been continuing
to develop various techniques to measure soil water content.
However, designing a robust, low-cost, reliable, and real-time
measuring soil moisture sensor is still a challenging task.
There are several techniques for measuring soil moisture:
thermogravimetric, soil resistivity, capacitance, time-domain
reflectometry, frequency-domain reflectometry, and neutron
scattering.
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The thermogravimetric method is the well-known method
developed so far and used as the standard method for calibrat-
ing soil moisture [3], [4]. However, this test can be performed
only in the laboratory and is limited by the difficulty in the
removal of soil samples, nonrepeatability of the tests, and
extremely time-consuming methods.

Among the modern techniques of measuring soil moisture,
time-domain reflectometry is a widely used method. Here,
pulses are sent through the soil along a parallel waveguide
made of two stainless steel rods as probes, and the delay time
between the incident and reflected electromagnetic pulses is
calculated [5]–[7]. This method is not cost-effective and is
unsuitable for application in highly saline and wet soils.

There are many advanced techniques such as ground-
penetrating radar [8], microelectromechanical systems [9],
polymer-based microsensor [10], thermal dissipation
block [11], heat flux sensor [12], tensiometric [13], [14],
optical techniques [15], [16], acoustic continuous-wave
method [17], near-infrared reflectance sensor [18], and single-
probe heat pulse [19]. Among all these techniques,
the measurement of dielectric properties, such as time-domain
reflectometry, frequency-domain reflectometry, capacitance
measurements, and impedance measurements, is widely used
techniques.

Capacitive sensing is a dominant technique for soil mois-
ture measurement. The design of capacitive sensors for
such applications by shape optimization is of research inter-
est. Thomas [20] measured the fringing capacitance of a
designed probe with coplanar electrodes operated in a very
high-frequency range. This paper showed a linear relation-
ship between the moisture and the fringing capacitance for
0%–10% soil moisture content and a linear function of the
logarithm of fringing capacitance with 5%–45% soil moisture
content. Eller and Denoth [21] designed a capacitive sensor
with fork-like geometry and measured the impedance with a
twin T-bridge for natural soils. The work was a comparative
study with the thermogravimetric method and time-domain
reflectometry and led to a satisfactory result. Apart from these
attempts, Bell et al. [22] designed an annular electrode and
Ungar et al.[23] developed a cylindrical probe for impedance
measurement. The interdigital sensor concept is now widely
used for soil moisture measurement. With advances in the
printed circuit board (PCB) technology, it is now easier to
develop this kind of sensor for various applications. In 2011,
Dean et al. [24] developed a fringing field sensor for soil
moisture measurement using the PCB technology. They eval-
uated the soil moisture content of clay soil samples with
the prototype sensor they designed. Modeling the optimal
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Fig. 1. Electric field lines of capacitors.

Fig. 2. Interdigital sensor pattern.

probing frequency, the shape, and the electrical impedance
to the humidity of an interdigital sensor for soil moisture
measurement has been done by Markevicius et al. [25].
Mizuguchi et al. [26] have also found a satisfactory result
for soil moisture measurement using fringing field capacitive
sensors.

Although different works of interdigital capacitive sensor
design were reported earlier, a complete analytical model has
not yet been computed. As suggested by Mizuguchi et al. [26]
due to its intrinsic nonlinear characteristic, simulation results
are considered instead of an analytical model for sensor
design. For designing an interdigital sensor, mainly three
design parameters should be accounted for: 1) thickness of
the electrodes; 2) separation of two adjacent electrodes; and
3) thickness of the base material. In this paper, after consider-
ing all these three parameters, the interdigital sensor designs
proposed by Dean et al. [24] were simulated. One more
configuration is included in this paper to enhance the influence
area of the sensor, and hence the sensitivity of the sensor. All
three designs were simulated, fabricated, and characterized.
The simulation and experimental result analysis, along with a
comparison of the three design configurations of the sensors,
are presented in this paper. Repeatability tests and dynamic
tests for the sensors are also discussed.

Fig. 3. 2-D illustration of the sensor configurations (a) Model 1, (b) Model 2,
and (c) Model 3.

II. METHODS AND MATERIALS

The fringing field capacitive sensor is a dominant field
for various sensing applications such as water-level mea-
surement [27], soil water content measurement [24], [26],
moisture content of various agricultural commodities [28],
and moisture content of wood pallets [29]. As water has a
high relative permittivity, it provides a considerable change
in capacitance by interacting with the interdigital capacitive
sensors. The theory behind the interdigital capacitive sensor,
the simulation of designs, the fabrication of sensors, and the
signal conditioning is briefly discussed in Section II-A–D.

A. Interdigital Fringing Field Capacitive Sensor
A fringing field capacitor is a capacitor with multiple

capacitive plates on the same plane, arranged in an interpene-
trating comb pattern [30]. The operating principle of a planar
interdigital sensor is based on the same principle as that of
a parallel-plate capacitor, where one side of the electrodes is
exposed to the materials being tested, as shown in Fig. 1.
Therefore, it can be considered as a number of capacitors
arranged in a parallel manner with n numbers electrodes,
as shown in Fig. 2.

From Fig. 2, for the first positive electrode, capacitance
will be C11, C12, C13, C14, . . . . . . . . . , C1n for 1, 2, 3, 4 . . . , n
negative electrodes, respectively; for the second positive elec-



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

GOSWAMI et al.: DESIGN AND CHARACTERIZATION OF FRINGING FIELD CAPACITIVE SOIL MOISTURE SENSOR 3

Fig. 4. Capacitance change resulting from electrodes separation in
(a) Model 1, (b) Model 2, and (c) Model 3.

trode, capacitance will be C21, C22, C23, C24, . . . . . . . . . , C2n

for 1, 2, 3, 4 . . . , n negative electrodes, respectively; and sim-
ilarly, for the “m” positive electrode, capacitance will be
Cm1, Cm2, Cm3, Cm4, . . . . . . . . . , Cmn for 1, 2, 3, 4 . . . , n neg-
ative electrodes, respectively. Thus, the equivalent capacitance
of the electrodes is as follows:

C1(eq) = C11 + C12 + C13
+ · · · · · · · · · · · · · · · · · · · · · · · · + C1n

C2(eq) = C21 + C22 + C23
+ · · · · · · · · · · · · · · · · · · · · · · · · + C2n

C3(eq) = C31 + C32 + C33
+ · · · · · · · · · · · · · · · · · · · · · · · · + C3n

...
Cm(eq) = Cm1 + Cm2 + Cm3

+ · · · · · · · · · · · · · · · · · · · · · + Cmn

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (1)

Fig. 5. Change of capacitance with FR4 board thickness in (a) Model 1,
(b) Model 2, and (c) Model 3.

Therefore, the total capacitance of the sensor is

CTotal = C1(eq) + C2(eq) + C3(eq)

+ · · · · · · · · · · · · · · · · · · · · · + Cm(eq). (2)

The total capacitance of the sensor depends on the electrodes’
geometry, the thickness of the electrodes, the distance between
two electrodes, the number of electrodes of the sensor, and the
material under test.
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TABLE I

CHARACTERISTICS OF THE SENSORS OBTAINED FROM LINEAR FITTING

Fig. 6. Change in capacitance with the relative permittivity of the material
under test for (a) Model 1, (b) Model 2, and (c) Model 3.

TABLE II

LOCATIONS OF THE SAMPLE COLLECTION AREA

B. Simulation of the Model

The finite-element method (FEM) is widely used for mod-
eling interdigital capacitive sensors [30]. A 3-D FEM was

Fig. 7. (a) Interdigitated electrode shape. (b) Model 1. (c) Model 2.
(d) Model 3.

used to analyze the optimal configuration of an interdigital
sensor for soil moisture measurement in this paper. Design
considerations for modeling the sensors were the thickness of
the electrodes, the separation between two adjacent electrodes,
and the thickness of the FR4 material for three different
configurations of electrodes. The basic design of the sensor is
shown in Fig. 3(a), where the electrodes were fabricated from
the copper layer on the top side of the FR4 board (conventional
PCB) as proposed by Dean et al. [24]. The results obtained
by changing the distance between the two electrodes of the
sensor for three different thicknesses are shown in Fig. 4(a).
It was observed that the capacitance increases by decreasing
the distance between the two electrodes and increasing the
thickness of the electrodes. If a continuous layer of copper is
left on the other side of the FR4 board [configuration as shown
in Fig. 3(b)], the result remains the same as shown in Fig. 4(b).
As suggested by da Costa et al. [31], this continuous copper
layer on the opposite side of the electrodes is important for
minimizing the change in the capacitance of the sensor due
to the presence of water on the backside of the fringing
fields. Mamishev et al. [32] have mentioned that the dual-sided
access to this type of sensors has the advantage of enabling
larger, easily measurable capacitances and, more importantly,
a uniform field distribution. Accordingly, as shown in Fig. 3(c),
the sensor was further modified by fabricating copper traces
as electrodes on both the sides of the FR4 board. This step
doubled the effective capacitance, as shown in Fig. 4(c).
The first configuration is referred to as Model 1 in the later
sections, while the second and third configurations are referred
to as Models 2 and 3.

Fig. 5 shows the capacitance of the three models versus the
FR4 board thickness and their electric field distributions. If the
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TABLE III

CHEMICAL ANALYSIS OF THE SOIL SAMPLES (ALL VALUES ARE IN WEIGHT PERCENT)

Fig. 8. Block diagram of the soil moisture sensor system.

thickness of the FR4 board is increased, then the capacitance
of Models 1 and 2 also increases as shown in Fig. 5(a) and (b),
whereas the capacitance of Model 3 decreases as shown
in Fig. 5(c). Simulation was done for all models by placing
13 electrodes on either side, with the electrode thickness kept
at 2 mm and the separation maintained at 0.25 mm.

Simulation was done for all the three models with different
relative permittivities, the result of which is shown in Fig. 6.
As is evident from Table I, Model 3 has a better sensitivity,
whereas Models 1 and 2 also show similar results.

C. Sensor Fabrication
The PCB technology is a cost-effective method of easily

fabricating an interpenetrating comb pattern. An interpenetrat-
ing comb pattern electrode was accordingly designed in the
PCB as copper traces to give a fringe capacitance. Three pro-
totype models were configured as shown in Fig. 7 and named
Models 1–3, respectively. As shown in Fig. 7(b), the sensor
was fabricated in such a way that copper traces remain on one
side of the FR4 board in shape resembling interpenetrating
combs and was designated as Model 1. In Fig. 7(c), one
side of the FR4 board was covered by copper traces in an
interpenetrating comb shape and the other side was covered
with copper, and was designated as Model 2. The two sides
of the FR4 board were covered by the interpenetrating comb
pattern in Model 3 as shown in Fig. 7(d). In all the cases,
the thickness of the FR4 board was 1.5 mm and the thickness
of the copper layer was 35 μm. The total number of capacitive
electrodes was 51 out of which 26 electrodes were connected
on one side and the remaining 25 electrodes were connected on
the other side. The gap between any two adjacent electrodes
was 0.90 mm, the width of each plate was 2 mm, and the
total length of the sensor was 150 mm (of which the sensing
part was 147 mm). The copper traces were masked with
quick-drying lacquer spray (Acrylic Epoxy) with an average
thickness of about 52.5 μm. All the thickness was measured
by a digital slide caliper with an accuracy of 1 μm.

D. Signal Conditioning Circuit
There are several techniques for measuring capacitance.

A fringing field capacitive sensor is a combination of capac-

Fig. 9. Bridge circuit for impedance measurement.

Fig. 10. Schematic of the peak detector circuit.

TABLE IV

RESPONSE OF THE SENSORS TO THE SOIL SAMPLES

itance with parallel resistance. The impedance bridge method
is suitable for capacitive measurement with the help of which
the output signal can be conditioned efficiently [33]. A block
diagram of the signal conditioning circuit for the capacitive
soil moisture sensor is shown in Fig. 8. The bridge was excited
by means of an ac excitation signal of low frequency (1 kHz
and 5-V peak to peak), as shown in Fig. 9.

The output at the two test points (T1 and T2 in Fig. 9)
had a difference in the phase and the amplitude. To sense the
soil moisture with this sensor, both the amplitude difference
and the phase difference can be used. The easiest method
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Fig. 11. Experimental laboratory setup for measuring soil moisture with a designed sensor.

TABLE V

REPEATABILITY CHECK OF THE SENSORS

is measuring the difference in the amplitude of the two
waveforms. As there was some phase difference between the
two signals at the test points, the signals were fed to two
different peak detector circuits. A schematic of the basic peak
detector circuit is shown in Fig. 10 [34].

The dc voltages of the two peak detectors were used on the
inputs of a subtractor, and the difference was measured by a
digital multimeter (DMM). The output voltage of the system
is given by the equation as follows:

Vout = a(bCs − 1)

a2Cs + abCs + b + a
Vin(p) (3)

where a = 2π f R, R is the resistance used in the
bridge (R1 = R2 = R); b = 1/C , C is the standard capacitor;
Vin(p) is the peak voltage of the excitation signal of the bridge;
and Cs is the capacitance of the soil moisture sensor.

E. Soil Sample Preparation
Four soil samples were acquired from different loca-

tions whose global positioning system locations are indicated
in Table II. These samples were collected from a depth
of 10 cm and grounded to a powder form. Two samples of
clay soil and two samples of sandy soil were considered for
the experiments, since both have a different water-holding
capacity. The samples were prepared in the standard D4959-00
of the American Society for Testing and Materials Inter-
national [3]. The collected soil samples were oven-dried at
150 °C and the drying was continued until there was no change
in the weight of the samples. The samples were analyzed by
the sequential X-ray fluorescence spectrometer PANalytical
AXIOS to find their chemical compositions. The results are
presented in Table III. The samples A and B are clay soil and
samples C and D are sandy soil.

TABLE VI

COEFFICIENTS OF EQUATIONS OBTAINED FROM EXPONENTIAL FITTING

F. Experimental Setup

The experimental arrangement is shown in Fig. 11. The pre-
pared sample was kept in a desiccator without any desiccant,
only to prevent moisture loss through the evaporation of the
sample during the test. The designed sensor was inserted deep
into the soil sample. The capacitance output of the sensor
was measured by an S-928 Systronics auto LCR-Q tester.
To measure the sensor response, the sensor was connected
to the signal conditioning circuit, and the voltage output was
measured by a 61/2 digit digital multimeter Agilent 34401A.

III. EXPERIMENTAL RESULTS

The capacitance of the designed sensors in air (at 61%
relative humidity) was measured as 95, 104, and 190.4 pF
for Models 1–3, respectively. The standard for testing the
sensors was prepared by following the gravimetric method.
The capacitance variation of the sensors with soil moisture for
soil sample A is shown in Fig. 12(a). Table IV clearly indicates
that Model 3 has a higher sensitivity, and Model 2 has the
better goodness of fit for linear straight-line fitting. Fig. 12(b)
also indicates the same result of capacitance variation for the
three sensors for soil sample B. Model 3 had the highest area
of influence due to the presence of water in the soil as the
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Fig. 12. Capacitance variation in soil samples. (a) Sample A. (b) Sample B.
(c) Sample C. (d) Sample D.

electrodes were fabricated on both the sides of the FR4 board
and exposed to the soil. Hence, it had better sensitivity to
the soil moisture variation. Model 1 had electrodes fabricated
on one side of the FR4 board and this resulted in a lower
sensitivity than Model 3. The continuous copper on the other
side of the electrodes in Model 2 minimized the influence of

Fig. 13. Response of the system to soil moisture.

Fig. 14. Dynamic test for (a) Model 1, (b) Model 2, and (c) Model 3.

water on the back side of the sensor, making it less sensitive
to the change in soil moisture.

To check the repeatability of the sensors, four test setups
were prepared with sample A at soil moisture 8.04%, 16.08%,
20.46%, and 31.03% and the sensor response of the three
configurations were recorded at different times. The result,
displayed in Table V, gives the mean value of the sensor
response with standard deviations at different soil moistures.
The maximum error from the mean value was also calculated.
The maximum error for Model 1 was 1.27% of the mean value,
whereas for Models 2 and 3, this was 1.77% and 1.518%,
respectively.
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TABLE VII

COMPARISON OF THE SENSORS WITH EXISTING SENSORS

The voltage response of the system was measured by the
DMM at intervals of 1 min, and the average voltage was
used for the graph shown in Fig. 13. The voltage response
of the sensors was nonlinear. After an exponential fitting
for an equation, the resulting coefficients of the equations
and goodness of fit (R2) for the three designs are shown
in Table VI. The nonlinear response of the output voltage with
soil moisture for the developed sensing system is governed
by (3). The volumetric water content was measured by the
GS1 soil moisture probe of Decagon Devices and is also
depicted with respect to the soil moisture measured by the
thermogravimetric method in Fig. 13 to realize the behavior of
the sensors. The output of the GS1 soil moisture sensor showed
almost the same result as obtained by the thermogravimetric
method and had a linear relationship with the gravimetric
water content of the soil sample.

Dynamic test for the sensors was performed for sample A
at 18.6% soil moisture of the sample and it showed that in
comparison with Models 1 and 3, Model 2 was responding
slowly to the change in the soil moisture. For this test, the sen-
sor exposed to the ambient condition was inserted into the
medium and the continuous data recording was switched ON.

The response time was calculated from the recorded data as
22, 54, and 24 s for Models 1–3, respectively, as shown in
Fig. 14.

Fringing field capacitive sensors fabricated on PCB, which
were reported earlier, are compared with the sensors reported
in this paper, as shown in Table VII. Models 1 and 2 discussed
in this paper are the replica of prototype sensors with different
dimensions reported earlier and tested with four different soil
samples.

Numerous error sources may adversely affect the response
of this type of sensors. The temperature effect and exposure
of the interdigital electrodes to moisture for a long time may
change the output of the sensors. To reduce the possibility of
the error occurring from these two sources, the Kapton film
can be used as an insulating medium for its high thermal sta-
bility and hydrophilic nature [29]. The selection of an optimal
PCB for sensor fabrication will also help to reduce these types
of errors in the sensor design. The careful measurement and
application of the sensors minimize the possibility of errors.
In view of the nonhomogeneous nature of soils, better results
can be obtained if sensors are investigated with more number
of soil samples.
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IV. CONCLUSION

Three fringing field capacitive soil moisture sensors, two
of which were proposed and used in different applications by
different researchers earlier, were simulated, fabricated, and
characterized. The fringing field technique was implemented
on an FR4 copper clad board by using the PCB technology.
The number of electrodes arranged in the interpenetrating
comb pattern, fabricated on one side of the FR4 board, was
designated as Model 1. Model 2 was having copper cladding
on one side of the FR4 board and an interpenetrating comb
pattern of electrodes on the other side. Model 3 was the novel
configuration with the same electrodes on both the sides of
an FR4 board. It was found that the sensitivity of the sensors
changes with the change in the soil type, irrespective of the
chemical compositions. It was also observed that Model 3 had
a sensitivity higher than Models 1 and 2. Repeatability test
showed the maximum error of 1.27%, 1.77%, and 1.518% of
the mean value for Models 1–3, respectively. The dynamic
test showed that Model 1 had a better response time of 22 s,
which is followed by Model 3 with a response time of 24 s
and Model 2 with a response time of 54 s. Model 3, which is
a novel configuration, can replace conventional soil moisture
sensors for the purpose of real-time soil moisture measurement
as it has a higher sensitivity, a greater sensing area, and
a better response time. As the design is simple and easily
fabricated, these sensors can be fabricated with a minimum
setup and within a limited cost. Signal conditioning electronics
can be placed adjacent to the actual sensing electrodes; hence,
the stray capacitance effect becomes minimum.
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