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Abstract—This paper presents comprehensive measurements of radar
backscatter from rice crops using a ground-based 6 GHz C-band
scatterometer system. The measurements were conducted over an
entire season from the early vegetative stage of the plants to the
ripening stage with full polarization combinations of HH, VV, HV
and VH at the incident angle range from 0◦ to 60◦ . The objective
of this paper is to access the use of the ground-based scatterometer
data for the investigation of temporal variation of diﬀerent incident
angle in the rice growth monitoring application. A further study on
the angular response for diﬀerent rice growth stages was also performed
in order to have a better understanding of the backscattering behavior
of the rice crops and therefore, monitoring of rice crops growth using
operational scatterometer system.

1. INTRODUCTION
Recently, the need for management of the food supply is apparent
owing to the ever increasing world population which has led to high
demand of global food production. Among the major crop types in
the world, rice constitutes the basic food for the people in many parts
of Asia, as well as in Europe and America. Hence, there is a strong
need for eﬀective means to monitor rice crops in order to control and
maintain a close balance between the rice production and demand.
Over the past few decades, there has been a considerable number
of researchers who investigated the distribution of sources of the
backscattering within vegetation canopies [1–24]. Field scatterometers
were employed at 10 GHz (X-band) [7, 8], while other studies [15–20]
used 4.75-GHz ﬁeld scatterometers and the microwave scatterometer
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C-band (MS-C). Investigation on the radar backscatter from the rice
crops were done by Le Toan [25, 26] by using an airborne X-Band
Synthetic Aperture Radar (SAR), VARAN-S, operating in HH and
VV at the incident angle of 0◦ to 60◦ . On the other hand, Kurosu [27]
had also conducted an experiment on the entire rice growth cycle
with VV polarization at the incident angle of 23◦ while Kim [28]
performed the measurements using X-band scatterometer. It appears
from the literature that the radar backscattering coeﬃcient varies
with the measurement system used, and with the growth stage, due
to the diﬀerent physical structure of the rice plants. This variation
may also be due to the diﬀerence in frequencies and incident angles.
However, the number of observations in [25–27] was not suﬃcient
to make a detailed comparison of the temporal variation of the
backscattering coeﬃcient while the experiment in [28] was limited
tothe short penetration depth of the X-band signal which may not
be adequate for vegetation measurements where the size of the plant
is larger than the wavelength. These reasons motivate the ﬁrst
investigation ever on the temporal behavior and the angular response
of the radar backscattering from the rice crop ﬁelds throughout the
entire growth season at C-band reported in this paper.
The paper is outlined as follows. Section 2 describes the design
and conﬁguration of the ground-based scatterometer with its detailed
speciﬁcation. The ground truth measurement procedure is also
explained. This is followed by discussion on the experimental results
in Section 3. In Section 4, we conclude and summarize this work.
2. GROUND-BASED SCATTEROMETER AND
GROUND TRUTHS
A ground-based C-band scatterometer was constructed and installed
on a mobile telescopic truck platform with the purpose of in-situ
scattering measurements [29]. It was developed with inexpensive FMCW radar at a center frequency of 6 GHz. Some modiﬁcations have
been performed on the existing scatterometer particularly in the data
acquisition unit for the improvement on the overall system stability
and the data provision of dynamic range. For clutter cross-section
measurements, the radar can be used to obtain N independent samples
of the surface scattering coeﬃcient within a single footprint, with N
given by
N=

∆R
rR

(1)
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where ∆R is the eﬀective range resolution and rR is the best possible
range resolution. On the other hand, volume scattering can take
place and more independent samples are contributed to a particular
measurement.
In this paper, polarimetric calibration of the system was done
using a 12 inch (30 cm) diameter metallic sphere. A dual polarized
parabola antennas allows the system to conduct full polarization
measurements and the antenna positioning system is designed to
control the incident angle from 0◦ to 60◦ . The speciﬁcations of the
scatterometer system are given in Table 1.
Table 1. Sspeciﬁcations of the ground-based C-band scatterometer
system.
System Parameter
Speciﬁcation
System Conﬁguration
Operating Frequency
6 GHz (C band)
Operating wavelength
5 cm
Sweep Bandwidth
400 MHz
Modulation Frequency
60 Hz
Polarization
HH, HV, VH, VV
Polarization Isolation
35 dB
Antenna Gain
35 dB
Antenna 3 dB Bandwidth
3◦
Best Possible Range Resolution
0.375 m
Platform
Boom Truck
Platform Height
25 m (vertical)
Measurement Capability
Transmit Power
10 dBm
Received Power
−15 dBm to −92 dBm
∂ ◦ Dynamic range
+20 dB to −40 dB
Measurement Range
20 to 100 m
Incident Angle Coverage θ
0◦ to 70◦
Minimum signal to noise ratio SNR
10 dB
∼1.8 m at θ = 45◦
Eﬀective range resolution
4.5 m at θ = 60◦
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The understanding of rice growing conditions and cultural
practices are crucial in order to retrieve rice crop parameters for rice
monitoring. Thus, ground truth measurements for an entire rice crop
season have been conducted from March 13 to May 27, 2008 at Sungai
Burung, Selangor, Malaysia. Figure 1 shows a photograph of the
ground-based scatterometer during the measurement. The seeds of the
plants were spread randomly over the entire rice ﬁeld and the variety
used in this site was MR219. Figure 2 shows a photograph of the test
site.
Parameters that were measured include plant geometry such as
plant height, leaf length, leaf width, leaf thickness and tiller density,
and their range of values are as shown in Table 2. These values have
been averaged to give a general view of the physical structure of the
plant. The measurements were done by a group of researchers from
Multimedia University and the Malaysian Remote Sensing Agency
(MACRES) as a collective eﬀort for various research purposes.
Some of these parameters were not necessary for this work, but are
given here for the sake of completeness and for the ongoing theoretical
modeling eﬀorts.
3. EXPERIMENTAL RESULTS AND DISCUSSION
In this paper, measurements have been conducted at full polarization
with the incident angle ranging from 0◦ to 60◦ . The digitized time

Figure 1. Ground-based C-band scatterometer during measurement
trip.
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Table 2. The summary of the physical ground truth measurements.
Plant Age (day)

38

51

62

84

96

105

30.2

38.5

47.2

80.4

105.6

109.4

3

4

5

5

5

6

Leaf Length (cm)

15.96

25.8

36

49.4

38.2

51.2

Leaf Width (mm)

5.5

8.3

10.2

12

13.6

15.6

Leaf Thickness (mm)

0.19

0.2

0.2

0.17

0.25

0.3

Tiller Length (cm)

9.8

13.5

16.8

32.6

61.2

77.2

Plant Height (cm)
No.of Leaves per Stem

Tiller Diameter (mm)

4.6

9.8

9.8

11.2

11.2

11.4

Tiller Density (m−2 )

530

765

588

656

739

633

Grain Length (mm)

9

9

9

Grain Width (mm)

2.6

3

3

Grain Thickness (mm)
Number of Grains/per Tiller

2.07
182

domain signal collected from the scatterometer system was converted
to Power Spectrum Density to provide power information. It was then
transformed into backscattering coeﬃcient, σ ◦ using a standard radar
equation and simple averaging was performed [18]. Figure 3 shows
the temporal variation of σ ◦ of the rice crop at C-Band with various
incident angles starting at 35th day of rice growth due to heavy rains
on earlier stage of the growth. Each point of the graph represents an
average of 20 measurements.
At HH polarization, all incident except 10◦ , the backscattering
coeﬃcient typically shows increasing behavior at the tillering
stage, and then it decreases somewhat and increases again during
reproductive stage where the panicles are formed and the plants
ﬂower. This is most probably due to the increasing scattering return
as the wave interact with water and the vertical leaves of the plant
particularly at the incident angle of 10. Finally, the backscattering
coeﬃcient decreases again when the ripening stage occurs. At this
point, the moisture content of the plants decreases, and the color of
the plants changes from green to yellow. The curves shown in the
Figure 3 are arbitrary ﬁfth-order polynomial ﬁts. The two peaks
of the σ ◦ of the rice crops can be observed at the end of tillering
stage at about 40 days and at the end of the reproductive stage at
about 80 days. This phenomenon is in contrast to the results of
the rice crop measurement using X-band scatterometer [17], where
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Figure 2. Rice ﬁeld at Sungai Burung, Selangor, Malaysia.
σ ◦ shows fourth-order polynomial behaviour with only single peak of
σ ◦ occurs at the end of tillering stage. The dual-peak characteristics
observed in the backscattering curve in C-band is interesting where it
occurs around the heading stage. The same characteristics have also
been found in Ku-band [30]. This ﬁfth-order polynomial behaviour
can be an advantage for rice growth monitoring application as the
additional information can be further analyzed for yield prediction.
The backscattering coeﬃcient of VV polarization at the incident angle
of 10 remains consistently higher than the other polarizations. This
is because the scatterometer is able to measure the radar return from
the vertical stem at this angle.
Figure 4 shows the angular response of σ ◦ of the rice crop growth.
The backscattering coeﬃcient at VV-polarization is higher than at
other polarizations. This is due to the physical structure of the rice
plant which consists of mainly short vertical leaves and stems that
contribute to surface backscattering at VV polarization particularly
during the early rice growth stages.
The dominant backscattering mechanism shifted to the volume
backscattering mechanism for VV and HH polarization at the
reproductive stage, thus show comparing backscattering value of VV
and HH polarizations. Generally, it is shown that the cross-polarization
values decrease at higher incident angles.
When the rice plants reach the ripening stage, it is observed
that the total backscattering coeﬃcient decreases slightly due to the
decrease in stem and leaf densities. Although the densities of the grains
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Figure 3. Temporal variation of σ ◦ at incident angle of (a) 10◦ , (b)
20◦ , (c) 30◦ , (d) 40◦ , (e) 50◦ and (f) 60◦ .
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Figure 4. Angular response of σ ◦ on (a) 38 days, (b) 50 days, (c) 62
days, (d) 84 days, (e) 96 days and (f) 105 days after transplanting.
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increase at this stage of the rice growth, the stems remain the dominant
contributor to the total backscattering coeﬃcient for all polarizations.
The volume backscattering for the grains remains relatively constant
over all incident angles and it provides a smoothing eﬀect on the total
backscattering coeﬃcient since the physical structure of the grains is
uniformly distributed over all angles of orientation [1].
The cross-polarized backscattering coeﬃcient is found to be
decreasing with rice crop age partly because of the organized growth of
the rice, causing more inﬂuence on the co-polarized signal than crosspolarized signal. Although erratic, the coeﬃcient is decreased in a
narrow margin.
4. CONCLUSIONS
An advanced automatic polarimetric scatterometer was used to
investigate the multiple temporal characteristics and the monostatic
angular behaviour for monitoring the diﬀerent rice growth stages.
HH, VV, HV and VH polarization were successfully measured with
temporal variation of σ ◦ from 0◦ to 60◦ . It is also interesting to
ﬁnd out that the pattern of the backscattering coeﬃcient throughout
the rice growth season is represented in ﬁfth-order polynomials, of
which similar to the ﬁnding by Inoue [31]. The measurement results
showed the trend for the growth of rice crop with a temporal record of
backscattering returns that would be suitable for further theoretical
analysis. Theoretical modeling work is, however, in progress and
the comparison results of the measured and the theoretical modeling
will deﬁnitely allow more quantitative assessment of the rice growth
monitoring application.
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