
II. THEORY 

Here we derive equations to model an impulse radar that 
illuminates a flat surface at different elevation angles. Based on 
these equations, we can compute the required design 
parameters of the radar that achieves a desired soil surface 
resolution. We will also compute the radar backscatter 
coefficient of soil surfaces, which can be used to estimate the 
soil moisture content. 

 

Let an impulse radar be placed at a height h above ground 
level, with its antennas pointing at an angle θ0 with respect to 
the normal direction of the ground plane (Fig. 1). Here, we 
need to derive the equations that relate the radarôs pulse shape 
and the radiation parameters of its antenna to the radarôs ability 
to measure ground reflection of a specific ground surface area. 
We start by modifying the standard radar range equation [12] 
to account for the scattering cross section per unit area (radar 
backscatter coefficient, σ0) of a distributed target. Note that 
when we are using the coefficient σ0, we assume that ground 
reflection arises from a large number of scattering elements 
whose phases are independent. This modification has been 
derived in [13], and will be reproduced here as 
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where Pt and Pr are the transmitted and received power of the 
radar; Gt and Gr are the antenna gains of the transmitting and 
receiving antennas; λ is the wavelength of the electromagnetic 
signal propagating between the radar and ground; A (Fig. 1) is 
the surface area illuminated by the radar; r (Fig. 1) is the 
distance between an elemental area of the ground surface and 
the antenna; and σ0 is the radar backscatter coefficient of the 
elemental area. Gt, Gr, r and σ0 remain inside the integrand of 
(1) because their values vary within the illuminated ground 
surface area. The value of Gt, Gr, r and σ0 are also dependent 
on the radar position, the direction of its antenna and the 
antenna parameters.  

To simplify (1), we make the assumption that, within the 
illumination area of the radar, σ0 has negligible variation. This 
assumption is approximately valid if the illumination area of 
the radar is small, as intended for this application for a robot-
mounted radar pointing towards the ground. We have also 
chosen a monostatic approach where the same antenna is used 

to transmit and receive electromagnetic pulses, hence Gt = Gr = 
G. Incorporating these changes into (1), we can derive the radar 
backscatter coefficient as   
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where (θ0, ϕ0) is the direction of the antenna and hence of the 
Poynting vector of the signal, and (θ, ϕ) is the angle 
dependence of the antenna gain. For impulse radar, the 
illumination area is further limited by the transmitted pulse-
width. This effect is illustrated by the blue dashed lines in Fig. 
1, in which a transmitted pulse of pulse-width τ further limits 
the illumination area of the radar at a ground range of cτ / 2 sin 
θ.  Hence, given that the radar radiates a pulse p (t, τ), in which 
τ is the pulse-width parameter, the illumination area of the 
radar, i.e. integrand in (2), is further limited as 
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where c = 3×10
8
 ms

-1
. Hence, given radar parameters such as 

pulse shape and gain profile of the transmitting and receiving 
antenna, we now arrive at the achievable ground resolution of 
the radar by computing I in (3). For example, Fig. 2 shows the 
computed radar illumination area for the following radar 
parameters: h = 1m, θ0 = 135°, ϕ0 = 0°, rτ = 0.2m, and for 
Gaussian shaped antenna patterns with 3-dB beamwidth of 60° 
for both E- and H-planes.  

 

Further assumptions can be made: r and G are constant 
within the area of illumination, and the transmitted pulse of the 
sensor is square-shaped with a pulse width of τ. With these 
broad assumptions, (2) can be simplified to  
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where ψ is the angle that describes the lateral spread of the 
antenna beam, as shown in Fig. 1. 

 
Fig. 2.  Computed illumination area of an impulse radar located at (x = 0, y = 

0, z = 1) with its antenna pointing at an elevation angle of 45° looking at the 

ground in the +y direction. 
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Fig. 1.  Diagram illustrating an impulse radar with its antenna placed at 

height h and pointing at an angle θ0 with respect to the normal direction of 

ground. 
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III. MEASUREMENTS 

All field measurements were conducted within one 5m by 
5m area of wet pasture with an average grass height of 10cm. 

Reference readings of volumetric (V/V) soil moisture 
content were taken over a 0-20cm depth with a Hydrosense 
HS2 soil moisture meter [14]. The reference readings were 
taken at 1m intervals to form a 6 by 6 grid of soil moisture 
measurements covering the 5m by 5m plot. The reference V/V 
soil moisture content was uniformly distributed at 33.3% V/V, 
with a standard deviation of 1.2%. Fig. 3 shows the 
experimental setup and measurement locations; the 1m×1m 
grid indicates the locations of reference measurements.  

The radar measurements used a log-periodic dipole array 
[15] with an operating bandwidth of 325-2000 MHz, and a 
constant gain of 6 dBi across the operating bandwidth. The log-
periodic dipole array used here could be expected to have a 3-
dB beamwidth of 70° for both E- and H-planes. It was located 
at a height of 0.7m at one end of the experimental plot 
(óLocation #1ô in Fig. 3), and was mounted on a platform that 
allowed the elevation angle to be adjusted from 0° to 75° at 5° 
intervals. The E-field polarization plane or E-plane was aligned 
with the plane of incidence of the ground. 

 

 

A reference target comprising an aluminum sheet (0.4m × 
0.9m × 2mm) was positioned 1.5m from the far side of the plot, 
with its broadside facing the antenna (ómetal sheetô in Fig. 3).  

Measurements were made using a Keysight (previously 
Agilent) Fieldfox vector network analyzer (VNA) connected to 
the antenna by 4m of semi-rigid 50 Ohm coaxial cable. The 
VNA measured the return loss (S11) of the system, which 
included the return loss of the antenna and the reflected signals 
from the ground. Four sets of measurements were recorded in 
the experimental plot at locations #1, #2, #3 and #4 (Fig. 3).  In 
each measurement set, scattered signals from the ground were 
measured at θ0 = {180Á, 175Á, 170Á é 95Á, 90Á}.  

Fig. 4a shows the measured S11 of the instance when θ0 = 
180° at location #1 (Fig. 3). The impulse response of this 
measurement, in the time domain, was computed by the inverse 
Fourier transform of the S11 signal, and is shown in Fig. 4b.  

 

The impulse response of the measurement was dominated 
by the return loss of the antenna, as shown in Fig. 4b. To 
remove the antenna return loss, a calibration measurement was 
made, in which S11 was recorded when θ0 = 0°, i.e. with the 
antenna pointing at the sky. The measured ground reflections 
were determined by subtracting calibrated ground 
measurements. Fig. 5 shows the measured ground reflections at 
θ0 = 180°, 165°, 150°, 135°, 120° and 105°. As the antenna was 
rotated from the nadir to the horizon, the time-of-arrivals of the 
signal increased while the amplitudes of the signal decreased. 
In addition, at angles beyond θ0 = 150°, the received signal was 
very small and likely to be below the noise floor. 

 

 

  

 
 
Fig. 5.  Measured ground reflections at the angles θ0 = 180°, 165°, 150°, 

135°, 120° and 105°. 
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Fig. 4.  Measured S11 of the instance when θ0 = 180° is shown in (a), and its 

impulse response in time domain is shown in (b). 
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Fig. 3.  Diagram showing the measurement procedure at the experimental 

site. 
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A number of steps were involved in providing the results. 
They were:  

1. Measure the received signals (e.g. traces in Fig. 5) 

2. Convert to baseband pulse envelopes 

3. Calculate the integrand using (2) and the known radar and 

antenna parameters 

4. Compute the radar backscatter coefficients using (2).  

 
Fig. 6 provides an overview of the signal processing steps 

required to convert the measured VNA signal to the baseband 
pulse envelopes, i.e. step 2 above. In Fig. 6, Gm is the S11 
measurement of the ground, Gc is the measured return loss of 
the antenna (calibration measurement), and Gr is the measured 
transfer function of the antenna [16] i.e. the reference 
measurement. The steps to compute the baseband pulse 
envelope of the received signal r (Ű) are: 

 
a. Inverse Fourier transform Gm, Gc and Gr 

b. Subtract Gc from Gm  

c. Cross correlate with the reference signal Gr 

d. Multiply by the orthogonal carrier frequencies 

e. Remove (low-pass filter) the carriers 

f. Sum the two filtered signals. 

 

 

 

IV. RESULTS AND DISCUSSION 

Figs. 7a - 7e show the radar received signal r (τ) for site 
measurements at θ0 = 180°, 165°, 150°, 135° and 120° 
respectively. The four traces plotted in each graph (i.e. solid 
black line, blue dashed line, red dotted line and black dotted 
line) show variations amongst the measured results. These 
differences are attributed to variable ground conditions because 
the measurements are conducted at different locations in the 
experimental plot (Fig. 3). The radar received signals, as shown 
in Figs. 7a - 7e, show a gradual attenuation in pulse amplitude 
and an increase in pulse-width as the antenna elevation is 
increased from the nadir. At θ0 = 120° (Fig. 7e), the received 
signal is barely above noise floor.  

The radar illumination area was computed with the known 
radar parameters, position and the antenna direction with 
respect to the ground, as described in Section 3. The computed 
radar backscatter coefficient is plotted in Fig. 8. The grey dots 
in Fig. 8 show the measured radar backscatter coefficient from 
the four sets of data collected from the experimental plot. At 
some angles, only two or three points are plotted (e.g. at θ0 = 
130°) because the received signals could not be robustly 

discernible from the noise floor. The black dotted line show the 
average radar backscatter coefficient, illustrating the trend of a 
gradual attenuation as the antenna was elevated from the nadir 
towards the horizon. 

 

 

 

 

 

 
 

Fig. 7.  Radar received signal r (τ) for site measurements at θ0 = 180°, 165°, 
150°, 135° and 120°. Four traces (solid black line, blue dashed line, red 

dotted line and black dotted line) are from the four sets of measurements. 
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Fig. 6.  Schematic diagram describing the steps to compute the baseband 

pulse envelopes from the measured received signal. 
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Although experimental work on the sensor and its 
calibration for soil moisture measurement is incomplete, Table 
1 shows the response of the sensor compared with the 
HydroSense HS2 probe using two probe lengths, 12 cm and 20 
cm. The HS2 integrates the moisture over the length of the 
probe. Measurements of the current configuration of the radar 
sensor over buried metal plates indicate that it measures to a 
depth of approximately 25 cm. The trials had a grass height of 
approximately 15 cm, although the radar sensor is relatively 
insensitive to this parameter.  

These results indicate good agreement with the HS2 20 cm 
probe measurements and provide early indications that the 
radar sensor has the potential to measure soil moisture from a 
distance of several metres with sufficient accuracy for control 
of irrigation. Furthermore, we consider the sensor suitable for 
mounting on a robot; pitching of the vehicle does alter 
scattering but spatial integration over the pitching wavelength 
reduces the variation to a negligible level.  

Table 1. Radar sensor measurements for various soil moisture conditions, 
under pasture, compared with a HydroSense HS2 soil moisture probe. 

Pasture 

conditions 

 Volumetric moisture content (%) 

HS2 12cm probe HS2 20cm probe Radar sensor 

Very dry 6.8 ± 1.5 9.5 ± 1.6 8.8 ± 1.5 

Dry 16.4 ± 3.0 20.6 ± 3.6 19.5 ± 4.2 

Wet 33.4 ± 1.4 35.1 ± 1.3 35.8 ± 1.4 

Wet 35.7 ± 1.5 36.6 ± 1.4 37.2 ± 3.5 

 

The radar measurement frequencies are in the same range 
as that for typical time domain reflectometry measurements 
[17] and hence we expect a similar level of independence of 
soil type, so that a site-specific calibration would only be 
necessary for clay soils; validation of this aspect has yet to be 
completed. 

CONCLUSION 

We have shown a new application of radar and that impulse 
radar techniques enable measurement of radar backscatter 

coefficient of a small area of soil surface without the stringent 
requirement of small antenna beamwidths. While 
comprehensive validation is incomplete, the measurement 
accuracy exceeds that required for irrigation control, the grass 
length dependency is small, and we expect the soil type 
dependence to be similarly small. Although the measurement is 
dependent on the antenna angle and hence pitching of the 
vehicle it is mounted on or soil undulations, these variations 
can be removed by spatial averaging.  

The proposed technique allows the development of a small 
and practical radar system that could be mounted on a robot 
and thereby map soil moisture content of the ground. 
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Fig. 8.  Measured radar backscatter coefficient from θ0 = 180° (nadir) to θ0 = 

110° (ï20° from horizon). Grey dots indicate the actual data points from the 

measurements, and black dotted line indicates the average value.  
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