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Abstract

This paper aims to investigate the relationship between the multipath phase of
Global Navigation Satellite System (GNSS) and volumetric moisture content
(VMC) of soil. The carrier to noise ratio (C/No) data of multipath signals at
two different frequencies has been analyzed. The first one is India’s NavIC
L5 frequency (∼1176 MHz) and the second one is GPS L1 frequency (∼1575
MHz). The received multipath signals are highly dependent on dielectric
value of soil and the elevation angle of satellite. The relationship drawn for
the NavIC and GPS C/No data is based on multipath phase analysis and
in situ soil moisture. The values of correlation coefficient observed between
these parameters were 0.9 and 0.63 for NavIC and GPS multipath signal
respectively. The result from both GNSS shows good sensitivity and could
be used to estimate the soil moisture for agricultural land.
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1 Introduction

Soil moisture is an essential parameter to study in different fields such as
hydrological cycle, biochemical process, vegetation, soil erosion, reservoir
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management, flood monitoring and several others. Soil moisture monitoring
with the help of remote sensing is filled with several challenges (Katzberg
et al., 2006). There are various satellite derived products available in order
to monitor soil moisture. International soil moisture network, SMAP (Soil
moisture active and passive) mission of NASA, Committee on Earth Obser-
vation satellites (CEOS) are some of those. Ground truth validation is always
required for these products as they cover large area and compromised with
several local factors. GNSS Interferometry based on multipath signal could
be used as a solution to retrieve soil moisture of an agricultural land. Number
of studies has been carried out which uses multipath signal to monitor soil
moisture (El Hajj et al., 2019; Eroglu et al., 2019). The interference pattern
of direct and reflected signal received by ground based antenna majorly
depends on surface property, elevation angle of satellite, and antenna height
from surface (Calabia et al., 2020; Rodriguez-Alvarez et al., 2011; Zavorotny
et al., 2010). Zhang et al. (2017) proposed an algorithm based on the mul-
tipath phase to estimate soil moisture. They analyze the multipath phase by
considering the average of phases traced from different satellite tracks (66
per day). In other paper, Han et al. (Han et al., 2018) derive an empirical
relationship between soil moisture and multipath amplitude and phase. Yang
et al. (Yang et al., 2017) compared the estimated relative permittivity of soil
surface with multipath phase for GPS (Global positioning system) and BDS
(Beidou Navigation Satellite System). Larson et al. (Larson et al., 2015)
applied least square estimation technique to determine multipath phase that
was used in estimation of soil moisture based on multipath SNR (Signal to
noise ratio) data.

In the present work C/No data of multipath signal is considered because
C/No values are independent of the tracking algorithm used by the receiver as
well as completely independent of the front end bandwidth of receiver. The
paper provides the relationship of multipath phase with soil moisture at two
different frequencies (L1 and L5) of different navigation satellite system (i.e.,
GPS and NavIC).

These two satellite systems are unique in different aspects but both of
them gives almost similar relationship for VMC of soil and multipath phase.
India’s NavIC constellation have 7 satellites in Geo orbit at height of 36000
km operating at dual frequency L5 (∼1176.45 MHz) and S1 (∼2492.09
MHz). Whereas, GPS circles the Earth at an altitude of about 20,000 km
at 1575.42 MHz (L1) and 1227.60 MHz (L2). Range of elevation angles
considered for soil moisture studies with GPS L1 is from almost 5◦ to 30◦
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(a) (b) 

Figure 1 (a) Setup for receiver. (b) Antenna fixed at 2.16 meter above the ground surface.

(Chew et al., 2016; Larson et al., 2010; Wan et al., 2015). However, the
variations of elevation angle to determine the phase of NavIC multipath
signal is 15◦ to 30◦ (Chamoli et al., 2020; Shekhar et al., 2020). It was
noticed during observation that time taken by NavIC satellites to complete
the required elevation range is almost double of the GPS satellites.

2 Experimental Site

The multipath data has been collected by NavIC/GPS/SBAS (NGS) receiver
using single ground based antenna at a height of 2.16 m above the soil surface
as shown in Figure 3. The receiver used for observations is developed by
Accord software and system Pvt. Ltd. Bangalore. The observations were
taken and analyzed continuously for 30 days. The experimental site is situated
at an agricultural field (longitude: 78.007◦E, latitude: 30.288◦N) in Dehradun
as shown in Figure 1.

The range of satellite elevation angle to collect raw C/No data carried out
for soil moisture studies with GPS L1 is 5◦ to 30◦ and for NavIC multipath
signal is 15◦ to 30◦ (Chamoli et al., 2018, 2020). The in situ soil moisture was
collected with soil moisture probe from the first Fresnel zone of reflection,
which is almost about 10 m2 as shown in Figure 1 (Katzberg et al., 2006).
18 in situ soil moisture samples were collected and average of these samples
were used to calibrate the multipath phase for L-band signal of NavIC and
GPS. The soil moisture probe used in this work (Mpm-160-B) was developed
by ICT international Pvt. Ltd. As the range of RMS height observed is
between 0.69 cm and 0.81 cm, the surface roughness has been classified as
smooth according to Fraunhofer criteria for microwave frequencies.
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3 Methodology

Figure 2, shows the geometry of the multipath signal received by the GNSS
antenna kept at a height ‘H’ from the soil surface. When a signal reaches the
destination through more than a single path it is referred to as multipath. In
GNSS interferometry, the ground-based antenna receives the signal through
dual path, i.e., reflected plus direct path as shown in Figure 2.

The interference pattern of the received multipath signal depends on
the soil moisture condition. In several studies, it has been stated that the
penetration depth of the signal depends on the soil moisture of the land cover.
As the dielectric value of soil increases, the value of penetration depth for
satellite signal decreases. The relative height of the antenna changes with
the change in the penetration depth of the signal. The value of the relative
height of the antenna is the height of the antenna from the point of reflection
inside the soil surface. The value of path difference of the reflected signal
(∆l) depends on the value of relative antenna height (H) above soil surface
and satellite elevation (ε) given by following equation (Zhang et al., 2017).

∆l = 2H sin ∈ (1)

As the properties of reflected signal changes with the change in pen-
etration of the reflected signal, the generated interference pattern of mul-
tipath signal also changes. The value of C/No data received by the NGS
(NavIC/GAGAN/SBAS) receiver associated with the variations in reflected
signal also changes. It was observed that the obtained interference pattern
of the multipath signal is sinusoidal in nature. The sinusoidal interference

Figure 2 The receiver receives a Multipath signal.
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pattern of multipath signal received at the receiver depends on the surface
characteristics. The sinusoidal behavior of received C/No multipath data can
be characterized on the basis multipath phase, amplitude and frequency as
given by equation 2 (Shekhar et al., 2020; Wan et al., 2015; Zavorotny et al.,
2010; Zhang et al., 2017).

C/No = A cos

(
4πh

λ
sin ∈ +φmpi

)
(2)

A and φmpi are amplitude and phase (in radian) of interference pattern
generated due to variations in received C/No data respectively. With the
variations in received C/No data, the value of multipath amplitude and phase
changes. To perform the sensitivity analysis, the received interference pattern
is required to be processed for the estimation of change in the value of
the multipath phase. The basic steps involved to perform further analysis
on the multipath signal to calculate the correlation coefficient are shown in
Figure 3. The received multipath signal comprises of several high frequencies
noise and need to be filtered for further processing. The filtered multipath
signal is detrended to remove all the DC values present in it. Further, filtered
and detrended multipath data is sine fitted using the least square estimation
technique. The value of the multipath phase is evaluated from the sine fitted
curve to correlate it with the in situ soil moisture.

 
Figure 3 Flowchart to observe the multipath phase and soil moisture correlation.
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4 Results and Discussion

The C/No data was collected for both L1 (GPS) and L5 (NavIC) frequencies
for the required satellite elevation angle range, i.e., 15◦ to 30◦. Both naviga-
tion systems show good sinusoidal interference patterns for the selected range
of satellite elevation angles. The received multipath signals are sinusoidal and
contains several high frequencies noise signals. The analysis of this multipath
signal is required to be done for estimating the multipath phase of the received
signal. The received C/No data are in the unit of dB/Hz and converted in
terms of power units for further processing as shown in Figure 4. To analyze
the multipath signal, the filtering of the noise was required by using low pass
filter. Further, the filtered C/No data are detrended to zero level for removing
all aspect of DC value available in the received multipath signal.

 
(a) 

 
(b) 

Figure 4 (a) Raw data received by NGS receiver for NavIC (Upper portion) & detrended
and Filtered Data for NavIC (Lower portion). (b) Raw data received by NGS receiver for GPS
(Upper portion) & detrended and Filtered Data for GPS (Lower portion).
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Figure 5 (a) Data fitted for NavIC L5 with Sine curve Multipath Phase = 0.6102 radian. (b)
Data fitted for GPS L1 with Sine curve Multipath Phase = 0.2781 radian.

In this work, least square estimation technique is used to estimate the
required curve fit on detrended data to investigate the multipath phase from
the sinusoidal interference pattern. The retrieved multipath phase is one of the
parameters that gets affected because of soil moisture variations and depends
on the penetration depth of the signal as discussed earlier. The curve fitted
data by utilizing least square estimation is shown in Figure 5.

It has been observed from Figure 6, that C/No multipath data collected for
both L1 (GPS) and L5 (NavIC) frequencies are sinusoidal and an extra crest
for GPS is observed for the same satellite elevation range. A similar analysis
has been carried out to estimate the multipath phase for all the respective
samples of in situ soil moisture. Further, the obtained multipath phase values
were correlated with the in situ volumetric content of the soil to perform the
sensitivity analysis of the multipath signal for the soil moisture estimation.
The total number of GPS samples shown in Figure 6 is more comparable to
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(a) 

(b) 
Figure 6 Relationship obtained between volumetric moisture content of soil and multipath
phase. (a) For NavIC. (b) For GPS.

NavIC, as the C/No multipath data collected for the GPS is from more than
one satellite over the required time duration within the required elevation
angle range. A linear relationship is observed between soil moisture and
multipath phase of both GPS and NavIC signal which has been shown in
Figure 6. The statistical measurement of the relationship between in situ
volumetric content of the soil and multipath phase value is carried out with
correlation coefficient.

The multipath phase values ranges from 0.36 to 0.72 radian and 1.98 to
3.6 radian for NavIC’s L5 and GPS L1 frequencies respectively. Whereas,
in situ measured volumetric soil moisture content varies from 21.3% to 42%.
The value of correlation coefficient observed for NavIC’s L5 and GPS L1
frequencies are 0.9 and 0.63 respectively. The obtained results are good and
overwhelming which can be further used in estimation of soil moisture using
GNSS signal.
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5 Conclusion

In the past few years, soil moisture analysis with the GNSS signal has gotten a
lot of attention from researchers. For the sensitivity analysis of soil moisture,
the received C/No multipath data were analyzed for two frequencies are
L1 (GPS) and L5 (NavIC). The multipath signals observed are sinusoidal
in nature. This sinusoidal behavior of the multipath signal depends on the
volumetric moisture content of the soil. The property of the reflected signal
changes as per the dielectric behavior of the soil depending on the penetration
depth of the signal on the soil surface. Further, to carry out the sensitivity
analysis, the obtained multipath signal phase was evaluated and correlated
with their respective in situ soil moisture. The study carried out shows good
correlation coefficient of 0.9 and 0.63 between in situ measured volumetric
moisture content of soil and the NavIC L5 and GPS L1 frequencies. The
results demonstrate that both GPS and NavIC signals show similar behavior
to soil moisture variations and can also be used to estimate soil moisture.
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