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ABSTRACT Radar–drone system is potentially implemented as amethod for collecting the soil water content
of a large area. Vegetation that may covers the soil surface affects the detection results of soil water content
using radar system in plantation areas. Vegetation will influence the propagation mechanism of radar waves,
therefore, a method to overcome this effect is needed. The method to compensate the effect of vegetation
based on a transmission line model is then proposed in this paper. The transmission line model is used as
the concept for transforming the measured reflection coefficient under the vegetation effect to the ground
reflection coefficient value. Experiments were carried out by taking a case studies on tea plantations. The
tea plant becomes a vegetation layer which its effect needs to be considered on the detection of soil water
content. An ultra-wideband radar system with a frequency range of 500 MHz - 3 GHz is proposed in this
study. The radar is integrated to hexacopter drone for scanning the tea plantation areas. The radar-drone
system flight with a constant elevation from ground level. The experimental results show that the proposed
method is able to improve the detection results of soil water content using radar with an accuracy of 96%.
The radar-drone performance in detecting soil water content is suitable for precision farming purposes.

INDEX TERMS Soil water content, estimation, radar, drone, ultra wideband, vegetation effect.

I. INTRODUCTION
Soil is the top layer of the lithosphere that supports all
life as the main component of terrestrial ecosystems. Soils
are prone to degradation due to various reasons such as
inappropriate land use, contamination from industrial waste,
and other human activities [1]. The soil water content is
an essential parameter that establishes the soil quality. The
water content in the soil also reflects the ability of the soil
structure to hold the water. Therefore, the potential flooding
is possible to be mapped based on the ability of the soil to
hold water. The water content of the soil is also an essential
consideration in the field of civil construction. The water
content in the soil will affect the growth of the vegetation
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and crop productivity [2]. Information on the water content in
the soil is essential information to support precision farming
systems [3], [4], [5]. Mapping the water content of the soil
in an agricultural or plantation area is necessary for precision
farming to deal with water and soil management.

Indonesia Statistic Center reported that tea is one
of Indonesia’s plantation commodities that continually
grows [6]. Fertilization in tea plantations takes the most
significant portion of production costs (40-60%). The data of
soil water content becomes a reference for determining the
timing of fertilization and the amount of fertilizer. Therefore,
the effectiveness and efficiency of fertilization can be opti-
mized. Currently, the soil water content data in Indonesian tea
plantations is only estimated from rain-fall data. These data
are not accurate enough to represent the soil water content
data that is needed in the fertilization process. Methods for
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estimating soil moisture content for large areas such as tea
plantations are then needed to support precision fertilization.

Several methods for measuring soil water content can be
categorized into two types: direct and indirect. Gravimetric
is categorized as a direct method [5], [7]. The soil sample
in a certain location is taken, and measure the difference
between fresh and dried weights. In most studies, the Gravi-
metric result is used as ground truth in developing a new
measurement method of soil water content. Indirect methods
are developed based on physical behaviour such as resistive,
capacitive, time domain reflectometry, and electromagnetic
wave. The gravimetric method will consume much time for
many samples required in extensive area observation. Some
soil water content sensors, such as resistive and capacitive
sensors, are used by invasive operations, and many sensors
are therefore needed for extensive area observation. The
remote sensingmethod for estimating soil characteristics then
becomes a method that continues to be studied for mapping
soil conditions over a large area. The wave propagation phe-
nomenon is generally used as a basic concept in the remote
sensingmethod. These remote sensingmethods include satel-
lite imaging [8], [9], [10], Synthetic Aperture Radar (SAR)
[11], [12], [13], [14], radiometry [15], Time domain reflec-
tometry (TDR) [16], [17], [18], [19] and Ground Penetrating
Radar (GPR) [20], [21], [22], [23], [24], [25]. The measure-
ment result from a contact or invasive sensor such as a TDR
is limited to a certain point in representing the soil water
content. A large number of sensors will be needed to monitor
a large area. The previously proposed use of satellite imagery,
radiometry, and SAR is capable of covering a large area of
observation. How-ever, the accuracy that can be achieved is
inadequate as the data used for precision farming. Limited
power on a large distance measurement causes the electro-
magnetic wave to be difficult to penetrate the vegetation cov-
ering the plantation area. Ground Penetrating Radar (GPR) is
a system for detecting objects buried under the ground surface
by utilizing the phenomenon of electromagnetic waves. GPR
technology demonstrates its capability to collect data for a
large area by conveying the GPR device to scan the observed
area. Many studies in GPR have shown the effect of soil
conditions on the detection results [26], [27]. These facts
motivate the development of GPR applications to measure the
soil water content and topsoil thickness over a large area [28].
Several studies were also intended to improve the detection
result by making an effort both in the processing part [23],
[29], [30] and hardware [31]. The limitations of the GPR sys-
tem are generally due to the simplification of the assumptions
related to radiation and wave propagation that occurs. Only
some part of the information is utilized in the waves [32].
Furthermore, the relevant wave propagation modelling on the
GPR system to extract more detailed information is required.
Previous research on the model of extracting information on
the soil water content and thickness of the topsoil layer has
been conducted. The extraction model has been formulated
based on the potential propagationmodel. The theoretical and
numerical simulation studies have been performed [28], [33].

Recently, the integration of the GPR system on the drone
is exciting research, and many studies in this field have been
performed, i.e., landmine detection [34], [35], [36], snow
cover mapping [37], human detection [38], and earth surface
survey [39]. In this paper, the integration of UWB radar and
hexacopter drone is proposed as a method for measuring
the soil water content of plantation areas. The hexacopter
conveys the UWB radar in collecting the soil water content
data over a large area. In a number of soil water content
detection cases using radar, it is often found that the soil
surface is covered by vegetation. This case is often found
in agricultural or plantation areas. Vegetation that covers the
ground surface will influence the propagation of radar waves.
Therefore, the detection results are potentially influenced by
the presence of the vegetation. Methods to accommodate the
effect of vegetation are needed to improve the accuracy of the
detection results. Based on the author’s best knowledge, only
a few studies have been conducted to overcome the vegetation
effect problem in measuring soil water content using GPR.
FromThrough theWall radar field, we can learn that the effect
of the wall as a barrier to the target detection process became
a critical issue to investigate, and themethods were developed
to overcome this effect [40], [41]. The problem addressed
in this research is to improve the accuracy of the proposed
UWB radar-drone in detecting soil water content with the
presence of vegetation over the ground surface. The inference
method based on the transmission line model is proposed to
improve the detection accuracy while respecting the effects of
the vegetation layer. The proposed inferencemethod becomes
part of radar-drone processing. A study on a tea plantation
was con-ducted to evaluate the capability of the proposed
method. The discussion in the paper is structured as follows:
In the introduction section, the problems raised asmotivations
for developing the proposed method are described. Then in
the second part, the wave propagation model and the com-
pensation method are described based on the transmission
line model. In the third section, the experimental methods and
discussion of the results obtained are explained, and finally,
the conclusions.

II. MATERIALS AND METHODS
A. RADAR-DRONE FOR SOIL WATER CONTENT
ESTIMATION ON TEA PLANTATIONS
The implementation of a radar system for the estimation
of water content in soil is based on the concept of electro-
magnetic wave propagation crossing the boundary between
different mediums, where the electrical characteristics of the
soil determine the radar signal reflected by the soil surface.
The TOPP model describes the relationship between the
water content of the soil and the permittivity of the soil [42].
Fig. 1 shows the relationship curve between soil permittivity
and water content in the soil. Based on this relation, when
the radar receives the reflected signal from the ground sur-
face, the permittivity of the ground can be estimated from
the intrinsic impedance of the soil, which formerly can be
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FIGURE 1. Relationship between soil permittivity and water content in
the soil referring the TOPP formula in [42].

FIGURE 2. Illustration of proposed UWB radar-drone implementation.

calculated referring to the reflection coefficient obtained from
radar signal. The water content in the soil is then estimated
using the TOPP model equation.

In order to collect the soil water content data over a large
area, the radar is integrated with a hexacopter drone system.
The pathway of the hexacopter in conveying the radar can be
controlled for scanning purposes. The drone Fig. 2 illustrates
the concept of radar-drone implementation for soil water
content estimation over tea plantation proposed in this paper.

The radar system proposed in this study is a UWB radar
developed based on a stepped frequency continuous wave
topology. Several studies on the radar application report that
the electromagnetic wave in the L-Band frequency range is
potentially used to penetrate the vegetation layer [15], [43],
[44], [45]. Considering the results of these studies, UWB
Radar is designed in the L-Band frequency range. In this
research, the SFCW radar systemwas realized to operate with
a frequency range between 500 MHz to 3 GHz. Respect-
ing the capability of the Vector Network Analyzer (VNA)
for radar modelling reported in [46], the Mini VNA was
employed as the transceiver part of the radar. The first port

TABLE 1. Proposed radar dimension and its performance.

is operated as the transmitter, and the second port is operated
as the receiver. The transmitter and receiver ports are then
connected to the UWB antenna, which is designed with a
self-complementary ellipsoid structure. The antenna has a
directional time-domain radiation pattern and also contributes
low ringing level. The Mini-VNA has a transmitted power
of 14 dBm. The transmit power is still sufficient for a view
meter detection range.When amore extended detection range
is required, the power amplifier can be installed on the trans-
mitter side, and the Low Noise Amplifier can be installed on
the receiver. In the proposed radar design, the mini-pc is used
as a processing unit that serves the data acquisition, received
signal reconstruction, inference method computation, and
result representation. The rechargeable battery with an output
voltage of 12 V and capacity of 2000mAh is used as a radar
power supply. The total weight of the radar that is included
the casing andmaterial handling structure is about 2.3 kg. The
proposed UWB radar system design with SFCW topology
and the prototype realization is shown in Fig. 3. The pro-
posed radar dimensions and specifications are summarized
in Table 1.

The SFCW signal generated in the proposed radar system
can be written as (1). With f0, N , and 1f respectively as
the lowest frequency, the number of steps and the step size
between the frequency components in SFCW. An and θn
are the amplitude and phase of the frequency component.
For synthesizing a particular signal, the values of An and
θn can be determined based on the magnitude and phase of
the signal Fourier transform. Monocycle pulse is the first
derivative of Gaussian pulse that exhibits a low dc level. This
study chose the monocycle signal as the radar signal, which
was synthesized using the SFCW technique. The monocycle
signal equation is written as (2), with σ and τ representing
the monocycle parameter that is used to determine the pulse
width.

XT (t) =
N+1∑
n=1

Ancos(2π(f0 + (n− 1)1f )

t − θn) for (n− 1)T � t < nT (1)

Xmono(t) =
1

σ 3
√
2π

(t − τ )e
(t−τ )2

2σ2 (2)

The first and second port of the Mini-VNA respectively
functions as a transmitter and a receiver of the proposed
radar system. Suppose the XR is the detected signal on
the mini-VNA receiving port. In that case, the scattering
parameter data S21 measured is the transfer function from XT

VOLUME 10, 2022 85215



A. A. Pramudita et al.: Soil Water Content Estimation With the Presence of Vegetation Using Ultra Wideband Radar-Drone

FIGURE 3. UWB stepped frequency design.

to XR. Mini-VNA is controlled by the software designed to
regulate the generation and reception of SFCW signals. The
S21 data obtained from the Mini-VNA is a sequence on the
frequency domain as written as (3). However, the obtained
data must be compiled into the correct FFT sequence. The
arrangement can be written in (4). Zero padding is performed
when the S21 sequence (N) length is smaller than the desired
FFT sequence. Furthermore, the received signal can be recon-
structed by calculating the inverse Fast Fourier Transform that
is written in (5). The steps of reconstructing the received sig-
nal from the measured S21 data have been explained in [46].

S21 = [S21(1)S21(2)S21(3) . . . S21(N )] (3)

S21k = [0S2100 . . . S∗210] (4)

XR = F−1[S21(f )XT (f )] (5)

The drone system is designed with a hexacopter structure
for a maximum payload of 5 kg. The hexacopter drone will
convey the radar system in collecting the soil water content
data over the observation area. Hexacopter is controlled to
fly at a relatively constant altitude above the ground surface.
The constant altitude flight is expected to maintain the radar
signal power uniformity that reaches the ground surface. The
drone is constructed from several principal components such
as the 380 kV Brushless motor, 558 mm propeller, Pixhawk
2.1 Cube flight controller, GPS receiver, and 16000 mAh
battery. A telemetry system is used for monitoring the drone
flight data. It operates at a frequency of 433 MHz and has up
to a 2 km range. The wireless remote control is also served
for manual operation. The height of the tea plant ranges from
50 cm to 100 cm, and the drone is controlled to convey the
radar system at a constant altitude of 2 m. The design and
photo of the drone prototype that has been integrated with
the radar are shown in Fig. 4.

B. PROPOSED INFERENCE METHOD
The inference method is part of the radar data processing that
the mini-pc handles the computation. The inference method
is used to process the reconstruction of the received signal in
obtaining the soil water content information. The proposed

FIGURE 4. Hexacopter drone design that integrated with UWB radar
system.

inference method is derived from the propagation model of
the radar wave through several different mediums. Fig. 5(a)
illustrates the wave propagation of a radar system when
detecting water content in the soil without the presence of
vegetation. The intrinsic impedance of the ground determines
the reflection from the ground surface. When the medium
between the radar and the ground is air, the reflection coef-
ficient will be negative [47]. By assuming that the intrinsic
impedance of the air is represented by free space, then the
soil permittivity data can be obtained based on the value
of the reflected coefficient. The soil water content is then
estimated using the TOPP model equation as discussed in
[42]. Fig. 5(b) illustrates the situation of soil water content
measurement using radar which is carried out in a condition
where the soil is covered by vegetation. It can be found in
tea plantations, where most of the soil is covered by tea
plants. In this situation, the measured reflected coefficient
certainly does not fully represent the reflection coefficient at
the ground surface. The waves from the radar will propagate
through the vegetation layer. Only some of the waves reach
the boundary of the soil surface. Likewise, reflected waves
from the ground surfacewill propagate through the vegetation
layer before reaching the radar system receiver. The vege-
tation layer’s electrical characteristics and the vegetation’s
height will influence the reflected coefficient measured by
the radar system. This research aims to develop a method
for overcoming the effects of the vegetation layer’s electri-
cal characteristics and the vegetation’s height on detection
accuracy.

Radar wave propagation in situations where a layer of
vegetation covers the ground can be categorized as wave
propagation in the layered medium, as illustrated in Fig. 5(b).
It is illustrated that there are three layers of medium related
to the propagation of radar waves. The first medium is air, the
second medium is a layer of vegetation, and the third medium
is soil. In several cases, the radar wave propagation through
several mediums, then efforts to improve performance or
overcome the problem of the barrier medium are necessary to
carry out. For example, the wall is a barrier medium between
the radar and the target in the through-the-wall radar cases.
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Methods to overcome the effect of the barrier wall are then
proposed to improve the results [40], [41].

A transmission line model has been proposed in a pre-
vious study to analyze electromagnetic wave propagation
in a layered medium [47], [48]. In this research, the trans-
mission line model for the layered medium is studied as a
radar electromagnetic wave propagation model in the case
of Fig. 5(b). Based on this model, a method is obtained to
transform the reflection coefficient of the radar measurement
results into the reflection coefficient from the ground surface.
The transmission line model to describe the propagation of
radar waves in the detection of soil water content in the
presence of vegetation barriers is shown in Fig. 5(b). 0meas
is the reflection coefficient obtained from the radar detection
result calculation. The value will represent the reflection
coefficient of the soil when there is no covered vegetation.
The value cannot accurately represent the soil reflection coef-
ficient when there is covered vegetation. As written in (6),
the measured reflection coefficient is determined by the air’s
intrinsic impedance and the vegetation layer’s impedance in
the boundary plane as written in (1). Zv(−d) is the impedance
of the vegetation layer on the boundary plane between veg-
etation and the air. The value is determined not only by
the vegetation’s characteristics but also by the height of the
vegetation. ηair is the intrinsic impedance of the air.

0meas =
Zv(−d)− ηair
Zv(−d)+ ηair

(6)

Manipulation of equation (1) can then be performed to
obtain the value of Zv(−d). The Zv(−d) value can then be
determined based on (7).

Zv(−d) =
(1+ 0meas)ηair
(1+ 0meas)

(7)

Based on the transmission line model in Fig. 5(b), the
value of Zv(−d) is determined by the intrinsic impedance
of the vegetation layer (ηv) and the reflection coefficient at
the boundary of the vegetation layer 0v(−d). The relation
is written in (8). After Zv(−d) is obtained from Zv(−d), the
0v(−d) can be calculated using (9). The 0v(−d) is the reflec-
tion coefficient of the ground surface observed at a distance
d from the ground surface. The value is influenced by the
electrical properties of the vegetation layer. The influence can
be expressed in terms of propagation constant. In calculating
the reflection coefficient on the ground surface (0soil), it is
necessary to determine the vegetation reflection coefficient
first x. Then the reflection coefficient 0v(−d) can be deter-
mined by referring to (9). Furthermore, the calculation of
0soil can be written as (10).

Zv(−d) = ηv
(1+ 0v(−z))
(1− 0v(−z))

(8)

0v(−d) =
Zv(−d)− ηv
Zv(−d)+ ηv

(9)

The height of the vegetation (d) is essential information
that must be obtained before carrying out calculations (10).

FIGURE 5. Illustration of the use of radar for estimation of water content
in soil. (a). without any vegetation barrier. (b) with barrier vegetation.

Vegetation height can be obtained by detecting the delay
in the reflected signal passing through the vegetation layer.
Based on the delay, the height of the vegetation can be esti-
mated. Then the actual ground reflection coefficient can be
calculated using (10). α and β are the propagation constant
in the vegetation layer, which has been estimated based on a
series of measurements made in the plantation area. Values
are obtained by calculating the average attenuation and phase
shift of several measurements representing vegetation in the
plantation area.

0soil = 0ve2(α+jβ)d (10)

The α and β measurements were performed using the
scenario shown in Fig.6 to estimate the α and β values of
the vegetation layer. Measurements are taken by placing the
radar at a constant elevation of 2 m above ground level, which
is facilitated by a support structure as shown in Fig.6a. The
reflected signal is taken for two conditions, i.e., without a veg-
etation layer and with the vegetation layer. During measure-
ment, the ground surface is covered with an aluminum foil
to provide maximum reflection in these measurements. Fig 6
also shows a photograph of the measurement situation on a
tea plantation. The reflected signal difference obtained from
with and without vegetation layer is related to the presence
of a layer of vegetation. Fig.7 shows an example of the radar
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FIGURE 6. Measurement setup of α and β. (a) Measurement setup.
(b) Photograph of measurement setup at tea plantation.

reflected signal resulting from the measurement illustrated
in Fig 6. The total attenuation of the vegetation layer with
a certain height can be obtained from the peak amplitude
comparison of the reflected signal from conditions with and
without vegetation. As shown in Fig.7, when Xrwo and Xrw
represent the peak amplitude of reflected signal from without
and with vegetation scenario, then the |Xrw/Xrwo| represents
the vegetation layer attenuation. Furthermore, the Further-
more, αv can be determined from the attenuation value. Based

FIGURE 7. Illustration of reflected signal obtained from with and without
vegetation layer condition.

on the time difference of the reflected signal (δt ) the total
phase shift can be obtained. The β can be determined from
the obtained phase shift. αv and βv values in vegetation layer
can be determined by equations (11) and (12) withω,µ, ε and
σ are respectively as angular frequency of radar signal, per-
meability, permittivity and conductivity of vegetation layer.
Therefore, the electric properties of the vegetation layer can
be determined from the obtained αv and βv.

αv = ω
√
µε(

1
2
[

√
1+ (

σ

ωε
)2 − 1])

1
2 (11)

βv = ω
√
µε(

1
2
[

√
1+ (

σ

ωε
)2 + 1])

1
2 (12)

When we replace the σ /ωε value with x, then the x value
can be calculated based on the ratio of αv and βv. Let us define
the ratio of αv and βv as written in (13). Then x can be written
as (4).

αv

βv
=

[
√
1+ x2 − 1]

1
2

[
√
1+ x2 + 1]

1
2

(13)

x =
[1+ (αv

βv
)2

1− (αv
βv
)2
− 1

] 1
2

(14)

After x is obtained through (14) and substituting x
into (12), the ε can be determined by assuming that the
vegetation layer is non-magnetic. By recalling that x is σ /ωε,
the conductivity value can be calculated after ε is obtained.
After the electric properties of the vegetation are obtained, the
characteristic impedance of the vegetation layer ηv required
in the calculation (8) dan (9) can be calculated based on (15).

ηv =

√
µ

ε(1− jx)
(15)
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FIGURE 8. Processing part of proposed radar system.

The next step is to calculate the permittivity of the soil
based on the value of the soil reflection coefficient obtained
from (10). The calculation is carried out based on (16). Fur-
thermore, the estimated soil water content can be calculated
using the TOPP Model equation written in (17).

ε̂soil = εv
(1− 0soil)2

(1+ 0soil)2
(16)

The radar signal processing that elaborates the proposed
inferencemethod is described in Fig. 8. The inferencemethod
considers the vegetation effect and is computed after the
received signal reconstruction process. The soil water content
estimation resulting from inference method computation is
then collected and can be used for precision farming pur-
poses.

m̂v = 5.3x10−2 + 2.92x10−2ε̂soil
−ε̂2soil5.5x10

−4
+ ε̂3soil4.3x10

−6 (17)

In assessing the proposed method’s ability, a series of
experiments were carried out at a tea plantation located in
Ciwidey West Java, Indonesia. Three different tea plantation
blocks are used in the experiment. The data of each plantation
block are listed in Table 2. The experiment is performed for
two types of measurement mechanisms. The first type is a
measurement conducted by hovering the drone at a selected
location in a plantation block. The drone is controlled to keep
the constant elevation of 2 m when the measured data are
collected. The second type is a measurement conducted with
a particular pathway determined for scanning the observation
area. In the second type of measurement mechanism, the
GPS data is also recorded for every measurement point. The
Gravimetric is employed as a ground truth invalidating the
measurement. The measurement in every block is also taken
two different times.

III. RESULTS AND DISCUSSION
The simulation was conducted for a preliminary investiga-
tion of covered vegetation’s influence on the radar detection

TABLE 2. The data of plantation block that taken as experiment object.

result. In this simulation, soil water content is estimated
by assuming the reflection coefficient obtained from radar
reflected signal is the reflection coefficient of the soil sur-
face. The simulation is conducted for several different veg-
etation heights and vegetation attenuations. The results are
depicted in Fig. 9. The red line is the estimated soil water
content when no vegetation cover indicates the correct result.
Fig. 9(a) and Fig. 9(b) show that the presence of vegetation
layer in the detection process causes the deviation in the
estimated soil water content from the correct result. The
deviation increases as the attenuation increases. The results
also show that the higher vegetation height provides a higher
deviation from the correct result.

After studying the vegetation effect by conducting a com-
puter simulation, several drone-radar prototype experiments
are performed on the tea plantation. The first experiment was
carried out at several locations on the tea plantation, which
have different vegetation heights. Fig. 10 shows the results
of received signal reconstruction from measurements made
under different conditions. The radar-drone elevation is 2 m
from the ground surface. The top graph shows the received
signal in the absence of cover vegetation. The received signal
consists of a coupling signal (direct propagation from trans-
mitter to receiver antenna) and a reflected signal from the soil
surface. The position of the coupling signal can be used to
determine the position of the radar.

Furthermore, it is used as a reference point to estimate the
target’s distance. The distance of the reference point to the
peak of the reflected signal represents the target’s distance
from the radar. For example, the peak of the reflected signal
in the top graph has a distance of 13 ns from the coupling
signal. Therefore, the estimated propagation distance is about
3.9 m, and the radar distance from the ground is half of this
value. The second and third graphs show the received signal
when the measurements are taken at two different vegetation
heights, i.e., 60 cm and 90 cm. Both of these results indicate
that the position of the reflected signal shifted away compared
to the result in the first graph. The reflected signal has a
tremendous shift when the measurement is taken in the higher
vegetation condition. These results indicate that the presence
of vegetation causes a phase shift so that the soil surface
distance to the radar seems to be farther away. The results
also show that the presence of vegetation reduces the peak
level of the reflected signal. The results in Fig. 10 indicate that
vegetation on plantations affects changes in the amplitude and
phase shift of the reflected signal. Fig. 9 and Fig. 10 confirm
that the vegetation layer’s influence on the radar’s reflected
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FIGURE 9. Effect of vegetation attenuation and height to the soil water
content estimation result. (a). Vegetation height = 90 cm. (b) Vegetation
height = 50 cm.

signal needs to be considered in the detection process. If the
obtained results are directly used to determine the reflection
coefficient from the ground, the results can be inaccurate.
Gravimetric is carried out on a number of soil samples in
the Block to be observed. The sample location is the same as
the hovering location of the radar drone. When performing
experiment, six soil samples were taken for each Block in
Tabel.2, and each sample was taken as much as 300 grams.
Gravimetric results are used to validate the measurement
results using drone radar.

After the received signal is obtained from the reconstruc-
tion process, the next step is to remove the coupling signal.
The coupling signal removal is performed by subtracting
the received signal from the received signal that has been
recorded when the radar is aimed at free space (no reflected
signal component). After subtraction, the received signal
residue will only leave part of the reflected signal. Therefore,

FIGURE 10. Received signal at three different condition of vegetation
layer with the radar elevation of 2 m.

the reflected signal is easier to detect. By performing peak
detection, the reflected signal components can be identi-
fied. As previously explained in section 2, the UWB signal
synthesized using SFCW is in the form of a monocycle.
Furthermore, the reflected signal’s peak to peak amplitude
value is then used to determine the reflection coefficient.
Fig. 11 shows some samples of the received signal recon-
struction results. For example, Fig. 11(a) is the result of the
received signal reconstruction when the experiment is con-
ducted onBlock-I, with the height of the tea plant is 75 cm and
the soil water content of the gravimetric is 35%. The obtained
reflected signal is then represented in absolute value as shown
in Fig. 11(b) on the graph with the red line. By converting
the signal representation into absolute form and followed
by peak detection, the positive and negative peaks of the
reflected signal can be identified as two consecutive peaks.
The location of the reflected signal is defined as the midpoint
between the first and second peaks. Then themeasured reflec-
tion coefficient value can be determined to compare the peak-
to-peak value of the reflected signal with the peak to peak
valuewhen total reflection occurs. Fig. 11(c) is reconstructing
the received signal in the experiment conducted in Block-II
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FIGURE 11. Sample of Reconstructed received signal and the reflected signal. (a). Received signal from Block I. (b).
Reflected signal from Block I. (c). Received signal from Block II. (d). Reflected signal from Block II. (e). Received signal from
Block III. (f). Reflected signal from Block III.

with a tea plant height of 90 cm and a soil water content of
45% from Gravimetric. Figure 11(d) is the reflected signal
in the absolute form obtained after subtracting the signal to
ward free space. Fig. 11(e) and Fig. 11(f) is the result for the

Block-III with a tea plant height of 60 cm and a soil water
content of 30%.

After the measured reflection coefficient is obtained, the
next step is to estimate the value of the soil water content.
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Estimation of soil water content based on themeasured reflec-
tion coefficient is carried out by calculating the inference
method that has been proposed in section 2. The calculation
process is carried out sequentially, referring to the flowchart
in Fig. 6. The calculation process for each step follows equa-
tions (7) to (17). The characteristics of wave propagation in
vegetation represented by α and β, as written in (10) need
to be obtained first. The static measurement as illustrated in
Fig.6 are performed to estimate α and β. Several measure-
ments using the designed radar were carried out for several
plant heights. The average value of the overall results that
have been collected is then used to determine the α and β
values of the tea plant. The result shows that the α and β of
the tea plant are 1.2 Np/m and 31 rad/m.

After the estimated soil permittivity is obtained, the esti-
mated value of the soil water content can be determined
based on the Top model equation in (12). Fig. 12 shows
the estimation results of soil water content by applying the
proposed inference method. These results were obtained in
experiments carried out on three different blocks, namely
Block I, II, and III whose conditions have been described in
Table 2. The results are obtained by flying the radar-drone to
the selected location as a sample, and data collection is carried
out when the drone is hovering. Each result in Fig. 10 com-
pares the estimation results obtained by applying the pro-
posed method with the estimation results that ignore the
presence of vegetation. Gravimetric is also performed, and
the results are used as ground truth to evaluate the accuracy
of the estimation results. Several measurements were taken
at each Block and conducted at several different times. The
proposed method shows better accuracy than the results that
ignore the presence of vegetation. The maximum deviation
of the estimation results by applying the proposed method
is 4%. The estimation accuracy reaches 96%. The total root
mean square error (RMSE) obtained from all measurement is
about 2.28%. The results obtained from several experiments
conducted at the exact location and time indicate fluctuations.
That is due to height fluctuations of the drone when hover-
ing. Altitude data recorded through the telemetry facility of
the drone shows that the average height deviation from the
drone is 6 cm. However, the estimation results of soil water
content achieved by the proposed method are still tolerable
for precision farming.

The landscape of tea plantations has variations in height.
The variations are also caused by plantation management
needs or due to crop damage. The path for the picking and
pruning process is not covered by plants. At several locations,
plant damage was found which the vegetation height to be
different from the surrounding. The existence of landscape
variations causes the results of the lidar sensor on the radar to
be sensitive to these conditions and cause fluctuations in the
drone’s flying height. Fig. 13 shows a sample of soil water
content detection results collected at several points when the
drone flies over the tea plant. Several outlier data are found
in the measurement result. The outlier data are caused by
unusual vegetation cover conditions, such as due to special

pruning or crop damage. Outlier data will then be removed
from the detection results.

Testing the proposed drone radar system to estimate soil
water content in a large area has also been carried out.
For each experimental sample area, the flying trajectory of
the drone is determined first. Then the estimation results
are presented in the form of a bubble map. The estima-
tion results are plotted according to the recorded position
of the installed GPS receiver. Fig. 14 shows the estima-
tion results at several points obtained when the radar drone
is flown to scan two different sample areas. For example,
in Fig. 14(a) radar-drone is used to scan an area of 20 m ×
40 m. The flight time required is about 5 minutes 20 sec-
onds. With a 16000 mAh battery that can support a flight
time of about 15 minutes, the total area that can be scanned
is 2250 m2.
Soil water content information has an important role in

several aspects of plantation management. SWC estimation
method that is fast and accurate in collecting the estimation
result is necessary to apply precision farming. Radar-drone is
a promising method for achieving this capability. Its ability
to collect soil water content data over a large area with high
accuracy is very relevant to the needs of precision farming.
The Gravimetric [5], Conductive [50], Capacitive [51], and
TDR [16], [17], [18], [19] methods are commonly operated as
the invasive method. In the plantation case, when a vegetation
layer covers the soil surface, the invasive method is less
support in collecting measurement data for a large area. Many
samples or sensors are required to obtain data over a large area
where the distribution of soil water content varies. Techniques
for collecting detection results from each sensor also need to
be provided. It is the drawback of these methods. However,
the high measurement accuracy of Gravimetric methods then
becomes a consideration as ground truth. Remote sensing
methods such as satellite imagery [8], [9], [10] and SAR
[11], [12], [13], [14] can support collecting the soil water
content data from a large area. However, to increase detection
accuracy in the presence of vegetation effects, it is necessary
to develop a fairly complex processing technique. In addition,
technology investment for implementing these methods is
also expensive. UWB radar-drone, as the proposed method,
can collect soil water content data quickly for a large area.
The inference method has accommodated the effects of veg-
etation. Although the method was developed for the case of
tea plantations, the method can be customized for plantations
with other vegetation types.

Fig. 10 and Fig. 11 show that the UWB radar with a
frequency around L-Band can identify reflections from the
ground surface even though there is a vegetation layer over
the soil surface. However, plants covering the soil surface sig-
nificantly influence obtaining the accurate soil water content
estimation result. The vegetation layer will provide attenua-
tion and phase shift of the radar signal. The amount of atten-
uation and phase shift is determined by the type of vegetation
and the height of the plant. The attenuation of the tea plant
causes the reflected signal to be smaller than the coupling
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FIGURE 12. Soil water content estimation result. (a). Block I. (b). Block II. (c). Block III.

FIGURE 13. Fluctuation in measurement result.

signal, and it complicates the detection process. The method
of subtracting the received signal with the receiving signal
in the free space direction can eliminate the coupling signal.

Therefore, this step is employed to facilitate the identification
of the reflected signal.

The proposed inference method, which was developed
based on the transmission line model, is used to overcome the
effect of plants on the detection results. The proposed infer-
ence method is able to increase the detection accuracy up to
96%. The proposed method demonstrates better performance
in comparison with the direct conversion method. The trans-
mission line model illustrates that the presence of tea plants
influences the estimation results and needs to be addressed.
Characterization of plant attenuation is an important step in
customizing the proposed method for the case of other crops
or plantations.

The experiment results depicted in Fig. 14 show that col-
lecting soil water content data in plantation areas can be car-
ried out quickly using the proposed radar-drone system. The
experiment results show that the proposed method is able to
collect soil water content data with a speed of 150 m2/minute.
The drone’s ability to maintain a constant flying altitude

influences the detection results. The fluctuation of the drone’s
flying height causes fluctuations in the detection results.
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TABLE 3. Radar-drone development.

Fluctuations in the drone’s altitude cause a drop in accuracy
of up to 3%. However, the decrease in accuracy can still
be tolerated for the needs of precision farming. If, in other
plantation or agricultural cases, the environmental conditions
cause the drone altitude fluctuations to be more significant,
then interesting further studies can be carried out to overcome
these problems. The solution can be developed as part of
the drone control methods or radar post-processing. Drone
flight data records include drone altitude data. The devel-
opment of compensation methods based on drone altitude
data is potential to be applied and can be the next research
agenda.

Previous studies on the development of radar drones have
been carried out for several applications such as landmine

FIGURE 14. Estimated soil water content mapping obtained from
radar-drone scanning process. (a). First location. (b) Second location.

detection, snowpack observation, earth observation, and vital
signs. This work also contributes to the development of the
application of radar drones, especially in the agriculture field.
The Comparison between the proposed radar-drone imple-
mentation with previous studies is summarized in Table 3.

IV. CONCLUSION
The UWB radar-drone was proposed for estimating the soil
water content of plantation areas with the advantage of being
fast and accurate in collecting the soil water content data over
a large area. The layer of tea vegetation above the ground
significantly affects the radar detection results. The UWB
radar system based on SFCW topology was designed with
a frequency range of 500 MHz-3 GHz. The radar wave is
capable of penetrating the tea vegetation layer. The vege-
tation gives the effect of attenuation and phase shift to the
radar signal that passes through it. The influence of vegeta-
tion causes deviations in the measurement results, which are
important to overcome. The inference method that considers
the presence of the vegetation layer was proposed in this
paper.

The proposed inference method was developed based on
the wave propagation model on a transmission line. The
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transmission line model is elaborated to develop an inference
method that is able to accommodate vegetation problems. The
transmission line model is used to transform the measured
reflection coefficient under the vegetation effect to the ground
surface reflection coefficient value. Experiments were carried
out by taking case studies on several Blocks in the tea plan-
tations. The tea vegetation over the soil surface that degrades
the soil water content detection result has been resolved well
by the proposed inference method. The experiment result
demonstrates that the proposed method is able to improve the
detection results of soil water content. The pro-posed radar
drone has an accuracy of 96%.
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