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Abstract—Global Navigation Satellite Systems (GNSS) Reflec-
tometry (GNSS-R) has gained significant attention in retrieving
geophysical parameters of the Earth’s surface using ground, air-
borne, and spaceborne systems in the past decade. Such studies
have mainly been investigated through custom-built systems or
networks of geodetic receivers and antennas. For the broader adap-
tation of such an approach in precision agriculture or small-scale
experiments, we have recently conjectured that a smartphone’s
built-in GNSS chip and antenna mounted on a small Unmanned
Aircraft System (UAS) platform could be used to estimate the
reflectivity of the soil surface using reflected GNSS signals. The
main barrier to using a smartphone as a ubiquitous GNSS-R
receiver is the built-in antenna’s irregular radiation pattern that
makes the measurement signal highly angular dependent. This
study provides a unique and practical solution to lessen the impact
of antenna radiation patterns on reflectivity estimation by spinning
two smartphones mounted on two separate ground plate and taking
the logarithmic difference of such simultaneous measurements. In
this proposed configuration, a down-facing spinning smartphone
on a UAS platform collects reflected signals. At the same time,
another identical spinning smartphone is located on the ground,
providing reference data in an open area. We compared the results
from measurements with the spinning smartphone on a small UAS
and the ground. We also discuss the trade-offs involved in rotation
and flight dynamics. Our findings show that a ubiquitous GNSS-R
system based on spinning smartphones operating from a small UAS
platform can estimate surface reflectivity at the sub-field scale.

Index Terms—Global navigation satellite system reflectometry
(GNSS-R), precision agriculture, reflectivity, reflectometry,
smartphone, soil moisture, spinning, unmanned aircraft system
(UAS).

I. INTRODUCTION

OIL moisture (SM) is one of the essential physical parame-
S ters of the soil. Accurate SM measurement greatly impacts
agriculture production, hydrological modeling, forestry, horti-
culture, waste management, and other environmental fields [1].
Precision agriculture or smart farming requires high-resolution
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SM information to use irrigation water and other natural re-
sources efficiently [2]. Electrical resistivity imaging, time do-
main reflectometry [3], frequency domain reflectometry [4],
[5], [6], neutron probe [7] use a variety of implantable SM
probes to retrieve subfield-scale SM at different depths. In addi-
tion, commercial three-level hygrometer sensors and monitoring
other atmospheric parameters utilizing the Internet of Things
(IoT) show the promising fusion of internet communication
and precision agriculture [8], [9]. A prototype of a fiber optic
SM probe composed of a nanoporous ceramic disk has also
been developed and demonstrated its potential for large-scale
deployment in precision agriculture to measure volumetric water
content accurately [10]. Although SM monitoring with a low-
cost wireless sensor network has been tested in the field scale,
this technique also requires implanting the sensor modules into
the soil, which provides point measurements [11]. The acquisi-
tion of high-resolution SM information through the utilization
of various SM probes has also exhibited high accuracy and
usability in the context of precision agriculture. Nonetheless,
this approach demands human resources, time, and financial
expenditures.

Various remote sensing methodologies have been developed
to estimate SM using ground, airborne, and spaceborne mi-
crowave instruments. For instance, geodetic quality global po-
sitioning system (GPS) station that receives continuous global
navigation satellite systems (GNSS) data originally used for pre-
cise positioning applications shows its potential as an SM sensor
network [12]. EarthScope Plate Boundary Observatory (PBO),
a stationary GPS receiver’s network, provides continuous GPS
data. Larson et al. [13] used this data product to monitor the SM
and found a correlation of GPS signal-to-noise-ratio (SNR) with
the rainfall event around the PBO sites. Furthermore, spaceborne
remote sensing satellite missions utilizing the GNSS Reflectom-
etry (GNSS-R) technique to retrieve geophysical parameters
of the Earth’s surface have gained significant attention in the
scientific community over the last decade. The United Kingdom
(U.K.)’s GNSS-R satellite mission, called TechDemoSat (TDS-
1), launched in 2014 and produced numerous data products
that have been used for remote sensing studies before its retire-
ment in 2018 [14], [15], [16]. National Aeronautics and Space
Administration (NASA) launched eight Low Earth Orbit (LEO)
satellites on December 2016 named Cyclone Global Navigation
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Satellite Systems (CYGNSS) for the tracking of cyclone forma-
tion and wind direction changes using GNSS-R technique in the
oceanic areas [17]. However, CYGNSS satellites also pass over
the land on the Earth’s surface. Many research groups worldwide
took that opportunity to retrieve the volumetric SM of the land
surface at 9 km to 36 km resolution using CYGNSS data product
and deep learning techniques [18].

There also exists dedicated passive microwave satellite
missions, such as NASA’S Soil Moisture Active Passive
(SMAP) [19]. European Space Agency’s Soil Moisture and
Ocean Salinity (SMOS) [20] for global SM estimation with an
L-band radiometer instrument that provides a spatial resolution
of 36 km and temporal resolution of 1-3 days. All the existing
remote sensing satellite missions for SM estimation produce
numerous data products that serve many large-scale weather and
climate studies and global hydrological cycle studies with their
coarse spatiotemporal resolution; however, these data product
does not become so useful for precision agriculture applications
as they demand subfield scale high-resolution information of the
geophysical parameters of the soil.

Low-cost, lightweight RF receivers, coupled with the
widespread availability and advances in drones, leads to the
possibility of implementing microwave remote sensing technol-
ogy. originally demonstrated from space, via small unmanned
aircraft system (UAS)-based platforms for high-resolution land
remote sensing applications [21]. A low-cost sensor platform is
developed for GNSS-R application using commercial off-the-
shelf instruments and attached to a fixed-wing UAS to classify
the land based on its water content. This prototype used left
hand circular polarized (LHCP) and right hand circular polarized
(RHCP) antennas to receive ground-reflected signals and RHCP
antenna for direct line of sight signals. The offline data analysis
showed clear identification of land water boundaries [22], [23].
This same GNSS-R instrument attached with a multirotor UAS
showed high accuracy in detecting the water body and monitor-
ing flooded areas with around 10-m ground resolutionin [24] and
[25]. A dual-polarized GNSS-R system has been developed for
altimeter and detecting different surface conditions operating
from a multirotor UAS. This system used the RHCP antenna
and interference to perform the altimeter measurement and the
LHCP antenna for the water, land, and vegetated area detec-
tion [26]. A GNSS-R polarimetric measurement platform has
been developed to sense surface SM and vegetation [27]. This
system consists of a dual-polarized antenna (LHCP and RHCP)
to receive the ground-reflected signal and one RHCP antenna for
the direct signal. They found that the polarimetric ratio is highly
sensitive to the surface water content and independent of surface
roughness. Single channel GNSS-R receiver attached to a small
aircraft using LHCP antenna for reflected signal and RHCP
antenna for the direct signal has been investigated to detect water
body [28]. They used the delay difference between the direct and
reflected signal to isolate the signals and used 20 ms integration
time. Most recently, Senyurek et al. [29] investigated reflected
GNSS signal captured via the UAS-based GNSS receivers. They
developed a machine learning model with about two years of data
to analyze the change of carrier to noise density ratio (C'No)
power due to the change of moisture content of the surface soil
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with aresolution of 5 m < 5 m. One of the main advantages of the
UAS-based GNSS-R technique is that it can be implemented by
using a low-cost off-the-shelf GNSS receiver and a small UAS
to measure high-resolution surface reflectivity [21].

The feasibility of the smartphone’s inbuilt GNSS chip and
antenna for the use of the GNSS-R technique has been tested
and its performance analyzed in [30]. The smartphone has been
used to receive the ground-reflected GNSS signals to sense water
in the soil and demonstrated that the smartphone-based GNSS
receivers give the opportunity of using the existing instrument
and building a low-cost sensing system that the farmers can
use [31]. However, it has been observed that the smartphone’s
inbuilt antenna’s radiation pattern is not uniform and affects the
ground-reflected GNSS signals. There are nulls in the antenna
radiation pattern that downgrade the received signal. Along with
that, the smartphone’s antenna is highly angle and orientation
dependent but time-invariant.

To eliminate the smartphone’s antenna’s irregularity in the
radiation pattern, a unique spinning mechanism has been pro-
posed with a hypothesis that spinning the smartphone over a full
rotation averages the antenna pattern and makes the acquired
signal immune to the antenna pattern variations (dips/nulls)
within typical orientation changes that a UAS experiences [32].
In this study, we demonstrate a direct comparison of the spin-
ning receiver with various rotations per minute (r/min) and the
nonspinning receiver placed on the ground and the impact of
different spinning rates on the radiation pattern. Next, a custom
quadframe UAS has been developed in the lab to test the spin-
ning receiver system to receive the ground-reflected signal and
analyze the signal quality.

The main objective of this study is to develop a UAS-based
ubiquitous GNSS-R system that can retrieve high-resolution
surface reflectivity for land remote sensing applications. This
work utilized the reflected L-band GNSS signals to estimate the
surface reflectivity in the top 5 cm of the surface soil. In contrast,
most of the remote sensing approach in precision agriculture
utilizes an aerial imaging-based system.

The rest of the article is organized as follows. Section II de-
scribes the general hypothesis of this work, the challenges with
the instruments, and the solution to overcome the challenges,
Section III presents the hardware preparation for the experiment,
experimental setup, data collection process and the data prepa-
ration for analysis. Section IV provides the experimental data
analysis and evaluates the results. Section V discusses tradeoffs
involved in this methodology and potential applications. Finally,
Section VI concludes this article.

II. METHODOLOGY
A. Concept

Our overarching research question is if we can leverage the
GNSS chipset of mass-market devices, such as smartphones,
on a small UAS, to apply GNSS-R methodologies for land
remote sensing. In our previous work [31], we demonstrated
the possibilities, but the poor quality of the built-in GNSS
antennas radiation pattern was shown to be the main pitfall to
achieving such a goal [30]. To lessen the impact of the antenna
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(a) Simplified structure of the proposed approach is depicted where the ground unit is level and faced up straight to acquire the reference signal while the

UAS unit collects the reflected signal. Reflection is assumed to be specular. Pictures of the UAS and ground setup are shown in (b) and (c). respectively.

radiation pattern irregularities on the measurement and estimate
the reflectivity, we devised a unique and practical approach as
illustrated in Fig. 1 [32].

The measurement concept involves a UAS equipped with
a down-facing smartphone on the bottom of the UAS frame
only receiving ground-reflected GNSS signal and a separate
phone facing upward and placed on the ground that provides
reference GNSS data in an open area. Both phones spin with a
constant rotation speed to average the antenna radiation pattern.
The smartphone on the UAS is placed underneath a circular
mesh ground plate to isolate direct and reflected signals. We
hypothesize that spinning the smartphones over a full rotation
averages the antenna radiation pattern. It makes the acquired
signal immune to the antenna pattern variations (dips/nulls)
within typical orientation changes that UAS experiences. In fact,
the idea of mechanically rotating antennas has been previously
used for side lobe suppression of array antennas [33].

In this configuration, the direct (reference) GNSS signal
(dB.Hz) received by the ground unit (that faces up straight) can
be written as

WDG,H = KHER(gi,n) (1)

where G r(0; ) is the average antenna gain in the direction of
incidence angle 6, ,, for the satellite n. The bar over the sym-
bols represents the averaging via rotation. The constant K, is

given by
PT RGT n Az
K= (3) @

where Pr,, and G, are the transmitted signal power and gain
of the satellite n, respectively. Multiplication of both quantities
represents the equivalent isotropic radiated power. The quantity
A is the signal’s wavelength, and R,, is the distance between the
nth satellite and the ground unit.

The signal received by the unit (that faces down) on the UAS
can be written as

Wg:n = K'nRs(ai,nrd)w‘.,n)aR(gﬁ,n:GP) (3)

where 6; ,, is the incidence angle, which is the same as defined in
a specular reflection scenario. The phone’s relative orientation
with respect to the nadir will be modified due to the motion of
the UAS, so the impact of the orientation is represented by the
UAS pitch angle fp in the above formula. The constant K, is
practically the same as the one in (1) since the transmitter is in the
medium earth orbit (MEO), which is far away (~ 20 000 km)
from both receivers. Finally, R (6, ,,, ¢; ) is the reflectivity,
which is the parameter of interest to be estimated for various land
remote sensing purposes. It carries useful information around
the specular point. For row-structured agricultural fields, the
azimuth angle of observation can be important, 5o ¢; ,, represents
the azimuth angle of the given satellite n to indicate such
dependence.

Taking the ratio of simultaneous measurements of direct
and reflected signals (or logarithmic difference) leads to the
cancellation of the common factor K ,, for each satellite, but
a residual factor will remain due to misalignment of the UAS
unit from the nadir direction as shown below

ONE . _
Ration . chzn = R's (61}1’1:‘3&1},1‘3) AGR (gi,nvep) (4)
where the offset factor is given by
_ Gr (6.6,
AGy (0; ,,0,) = ———=. 5
R( 1,7 p) GR (gi,n) ( )

For a straight flight in stable weather, such offset is expected
to remain constant and can be estimated using reflections over
known surfaces such as water bodies. This is further explored in
the following sections.

B. Challenges

We outline a list of challenges regarding the impact of the
irregular antenna on the ground and UAS measurements.

1) Ground Unit: The smartphone’s GNSS antenna has been
designed for navigation and positioning purposes, where irreg-
ularities in the radiation pattern do not significantly affect posi-
tioning accuracy. However, these irregularities in the radiation
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Fig. 2. GNSS signal fluctuation due to smartphone’s irregular antenna radia-
tion pattern, measured with pan-tilt mechanism.

pattern can affect remote sensing measurements, as changes in
smartphone orientation can perturb the received signal. A pan
and tilt mechanism was designed to test the angular and orien-
tation dependencies of the GNSS signal on the smartphone [30]
and [31]. It was observed that the inbuilt antenna inside the
smartphone is highly angle-dependent, as an example cycle is
depicted in Fig. 2, where each ring represents a tilt angle ranging
from 0 to 20° with a 2° interval for all 360° azimuth angles.
The change of color in each ring represents the change of C'Ny
power within one 360° rotation of the smartphone in 36 s. The
smartphone’s inbuilt GNSS chip and antenna performance have
been tested with a series of experiments in [30]. For the fixed or
nonspinning receiver on the ground, the GNSS signal strength
is a strong function of the satellite’s azimuth angle, elevation
angle, and receiver orientation.

2) UAS Unit: The receiver experiences more angular move-
ment compared to the ground receiver. As the UAS follows a
predetermined flight path with a constant speed, the pitch, roll,
and course angles can change depending on the flight direction
and velocity of the wind. A typical UAS flight path and corre-
sponding flight dynamics for this study are given in Fig. 3(a)
and (b), respectively. When the UAS flies towards the South, the
UAS upper side inclines towards the South, and the bottom side
inclines towards the North. As a result, the downward-looking
antenna’s bore-sight radiation pattern displaces North from its
normal. In contrast, when the UAS flies towards the North, the
UAS upper side inclines towards the North, and the bottom side
inclines towards the South. As a result, the downward-looking
antenna’s boresight radiation pattern displaces towards the South
from its normal. The effect of the UAS’s pitch angle on the
receiver attached underneath is illustrated in Fig. 4. The pitch
angle of the UAS introduces a residual angle for the South
flight lines and North flight lines. The signals received by the
nonspinning UAS platform are, on the other hand, expected to
be a strong function of the satellite’s azimuth angle, elevation
angle, and pitch angle of the UAS.
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C. Proposed Solution

The smartphone’s built-in GNSS antenna’s irregular radiation
pattern degrades the GNSS signal quality. A spinning receiver
system has been designed to correct these irregularities by
physically averaging the received signals on the ground and
UAS-based receiver platform. The receiver accumulates GNSS
signals while spinning at a constant r/min in its azimuth di-
rection. A detailed spinning experiment with various rotation
speeds (i.e., 30, 60, 90, and 120 r/min) has been performed, and
found that the speed of 60 r/min is an optimum choice to smooth
out the smartphone’s antenna radiation pattern irregularities, as
discussed next section. The 60 r/min corresponds to one full
rotation in one second; thus, the smartphone’s GNSS receiver
samples a 1 Hz continuous signal over 360° equally during each
rotation, leading to one full rotation of the antenna pattern for
each C'/Ny output.

For the flight experiment (the concept implementation), one
upward-facing spinning smartphone has been placed on the
ground in an unobstructed open sky area that receives direct sig-
nals while another down-facing spinning smartphone is mounted
underneath a UAS to receive the ground-reflected GNSS signals.
Both units are designed to rotate at a constant and same speed
(e.g., 60 r/min). As we argued previously, such rotation is
expected to reduce or lessen the impact of the antenna on the
measurements. Since the ground unit is looking straight up while
the drone unit can be slightly off the nadir due to the pitch of
the drone, in fact, such pitch angles will be different depending
on whether it is flying North or South direction. As a result,
one needs to consider different residual factors for any direction
(e.g., North or South). The residual is expected to be a smooth
function of each GNSS satellite’s elevation angle and the UAS’s
pitch angle due to the pattern averaging in azimuth.

III. EXPERIMENTS

A. Instruments and Hardware Preparation

The spinning ground platform is designed with a high torque
12 V stepper motor. The speed of the motor is controlled using
a programmable motor controller to maintain constant r/min.
The ground smartphone GNSS receiver is placed on an 18-inch
(45.72 cm) aluminum mesh plate to isolate any interference
signal from the motor and other electronics from the rotating
mechanism platform. The ground mesh plate is attached to the
top of the motor using a custom-made adapter. Fig. 5 displays
the spinning and stationary receiver placed in an open sky area.

For the UAS-based receiver, the UAS is custom-built on a
carbon fiber-based quad-copter frame. An open-source flight
control software named mission-planner and the open-source
Pixhawk flight controller has been used to build the UAS plat-
form. The spinning platform is attached underneath the UAS as
a payload using a dampening adapter to cancel out excessive
vibration to the receiver. The down-facing rotating mechanism
on the UAS platform uses the same instrument as the ground
spinning system to avoid any discrepancies between the two
receiver systems. The 18-inch diameter (45.72 cm) aluminum
plate is made of meshes whose size is smaller than 0.635 cm.
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(a) UAS flight path in the experiment field labeled with turns and flight direction (b) UAS flight dynamics represents the change of roll, pitch, and course

during the flight. The flight path consists of nine straight flight lines (i.e., four North (N) and five South (S)) directions with eight turns (T). The UAS heading is

kept fixed.
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Fig. 4. (a) Upward-looking spinning ground receiver. UAS equipped with a
spinning receiver flying towards (b) South and (c) North, showing the effect of
pitch angle on the receiver antenna radiation pattern.

Fig.5. Ground spinning and stationary receiver collecting a direct line of sight
GNSS signals over the course of four hours.

The gaps are less than 1/10th of the wavelength of L1 frequency
band, which effectively obstructs the direct line-of-sight signals
from GNSS satellites; at the same time, the mesh structure
lets the air flow within the mesh easily. A down-facing GoPro
camera is attached underneath the UAS for visual referencing.
Fig. 1(b) displays the fully configured UAS platform with the
rotating unit.

B. Description of the Study Field

The study has been conducted ina 210 m by 110 m (2.31 ha)
field (lower left corner 33°28'15.70"N : 88°46/27.53"W) at the
R. R. Foil Plant Science Research Center, Mississippi State
University, Starkville, MS, USA in October and November
2021. The average temperature of the study area is 17.8° Celsius
over the year. In the study area, July experiences the highest
average monthly temperature; in January, it becomes the lowest.
The average annual precipitation is approximately 1329 mm.
The humidity varies within a range from 55% to 66% monthly.
The field is located at 92 m above sea level. The field was barren
during the time of the study. However, the row structure in the
field was spaced 38 inches (96.5 cm). The North side of the study
field consists of a large water body and a small creek, as shown
in Fig. 3(a).

C. Experiment Setup and Data Collection

Fig. 6 provides an experiment matrix that describes several
experiment setups and patterns we have performed. The ground
and UAS section of the table defines the smartphone receiver
placed on the ground and UAS platform, respectively. For the
spinning test experiment, one upward-facing spinning smart-
phone and an identical nonspinning smartphone are placed on
the ground in an unobstructed open sky area. Each day, the
phones were run over a period of approximately four hours
with various configurations (i.e., four different directions for
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Ground
Date Stationary| Spining Spining
Phone A | Phone B | Phone A | Phone A | Phone A | Phone A
Direction | Speed |Flight #1|Flight #2|Flight #3 | Flight #4
24-Oct| North 30 rpm
26-Oct| West 60 rpm
27-Oct| South 90 rpm
1-Nov East 120 rpm
23-Nov 60 rpm | 60 rpm | B0 rpm | 60 rpm | 60 rpm
27-Nov | 60rpm | BOrpm | 60 rpm | 60 rpm | 60 rpm
28-Nov | B0rpm | B0 rpm | 60 rpm | 60 rpm | 60 rpm

Fig. 6.

Experiments matrix for ground spinning and stationary smartphone

GNSS receiver to investigate the direct line of sight GNSS signals and UAS-base
spinning smartphone flights for surface reflectivity analysis. (The two smart-
phones used in this experiment are named Phone A and Phone B).
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Fig.7. Sky plotof the GNSS satellites trajectory during four flight experiments

over the course of the day. The numbers inside the plot represent the satellites’
PRN numbers.

the stationary phone and four different rotation speeds for the
spinning phone) on four different days. The start time of these
measurements shifted accordingly as the same satellite config-
uration is repeated four min earlier every day for one and the
same location due to the sidereal revolution period of the GPS
satellites (11 h 58 min). The open sky receivers continuously
collect GNSS signals from all available satellites above the
horizon. The duty cycle has been selected to 100% and recorded
1 Hz continuous signal for the whole experiment period. For the
flight test, another identical spinning smartphone with 60 r/min,
as in the ground spinning smartphone, was attached. The duty
cycle of the UAS-based receiver is also selected to 100% and
receives a 1 Hz continuous signal. A total of four flights were
conducted during each data collection day, with an interval of
at least one hour between each flight, over the course of three
days. Similar to the spinning test, the start time of the flight
days shifted accordingly to match the GPS satellites’ positions
each day.
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The UAS flies to a predetermined flight path while accumu-
lating reflected GNSS signals. The data is received and recorded
on the smartphone. The UAS flight speed is an important
flight setting to select during the data collection. The faster the
flight speed is, the faster it covers the same area but decreases
the ground resolution as it travels longer distances during the
integration time. In contrast, the slower the speed is, the finer
the footprintis, but a larger battery capacity is needed to cover the
full study area and it will take longer to cover the same area. In
this study, 5 m/s flight speed at a 15 m altitude has been selected
as optimal in terms of coverage and ground resolution. The
smartphone GNSS receiver integrates the received signal every
second that corresponds to an area of 5 m long footprint (its width
depends on the receiver/satellite geometry) on the ground from
each satellite. The GNSS constellations operate from medium
earth orbit (MEO) at an altitude of approximately 20 000 km.
The distance between the ground receiver and the UAS receiver
smartphone was 15 m. Given the altitude of the GNSS constel-
lation, we assumed that the signal strength changes due to the
height difference between the two smartphones were negligible.
The onboard flight controller records the flight dynamics of
the UAS, which includes the latitude, longitude, roll, pitch,
yaw, altitude, and other navigation parameters for the full flight
path. The UAS flight data and the GNSS receiver’s data are
UTC (Coordinated Universal Time) time synchronized for the
correlation of the received data and the UAS geospatial position.
The flight path consists of nine straight flight lines (i.e., four
North (N) and five South (S)) directions with eight turns (T). The
UAS heading is kept fixed (varied from 0° to 2° along straight
flight lines). South flights had a pitch angle of 3°, while North
flights had a pitch angle of —5° during the experiment. The
variations in both cases were less than 1° for each line. The roll
angle stayed relatively constant for each straight line but varied
slightly from line to line. A sample of UAS flight dynamics is
shown in Fig. 3(b).

Fig. 7 shows the GNSS satellites’ position in a sky plot during
the experiment time on 23 November and four data collection
flights, where the numbers around the outermost circle represent
the azimuth angle (0° to 360°) and the smaller circles represents
the elevation angle. The innermost point is the 90° elevation
angle and decreases to 0° elevation angle at the horizon.

D. Data Format and Data Preparation for Analysis

The GNSS data is recorded in a Receiver Independent Ex-
change (RINEX) 3.03 format using a Google Play-Store APP,
“RINEX ON”. The “RINEX ON” APP receives and record
GNSS data for all the available GNSS constellations above the
horizon. The APP is freely available for all to download from
Google Play-Store. The RINEX data is decoded and arranged
into a readable format for both ground and UAS receivers. The
individual GNSS satellites” azimuth, elevation, and C'/N, data
are extracted and arranged according to the time-synchronized
geospatial location of the UAS using the latitude and longitude
of the UAS for each second. The C/N; data is then processed
to estimate the reflectivity of the studied field.
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Fig. 8. Sample ground test result from time-series experiments on four differ-
ent days (October 24, 26, 27, and November 1).

IV. RESULTS

We first investigate the impact of the rotation speed on the re-
ceived signal strength for roughly a 4-hour time period. Second,
we compare the results from measurements with the phone on a
small UAS and the ground. We then compare the bound of the
reflectivity estimates against theoretical calculations.

A. Ground Spin Test

Fig. 8 shows the received signal strength (C'/Np) for sta-
tionary and spinning phones in an unobstructed open sky area.
The cyan color represents phones that are oriented towards
North, East, South, or West in each day. As clearly seen, the
received signal has dips at different levels and locations for each
orientation. One would expect such dips to appear if we orient
the phone in different directions. This result is expected and is
the main reason for spinning the phone with the ground plate.
The other colors represent the signal strengths from different
rotation speeds (i.e., 30, 60, 90, and 120 r/min). As seen from
the same plot, the dips disappear for each rotation, but the
30 r/min rotation fluctuates more than the other rotations as
it samples the data over half a cycle only. The other rotation
choices have similar signal levels and variations. While we show
the results from GPS L1 Pseudorandom Noise (PRN) Code #
32, we also obtained similar results for other GNSS satellites.
This experiment’s major implication was that we successfully
removed the dips of the antenna radiation by rotating the phone
at more than 60 r/min (i.e., at least one full rotation every
second). It is worth noting that the utilization of multiples of
60 r/min, such as 120 r/min, was observed to produce results
that were similarly effective in smoothing signal fluctuations as
the 60 r/min configuration. However, due to the compatibility of
the 60 r/min setting with the 1 Hz data acquisition frequency
and the increased vibration introduced to the UAS structure
during flight, and the higher power consumption associated
with higher r/min settings, this particular configuration was
ultimately chosen for implementation in both the ground and
UAS platforms.

B. Flight Spin Test

Next, we fixed the speed of rotation for both flight and ground
units at 60 r/min. During a typical flight, the smartphone’s GNSS
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Fig. 10.  Violin plot of the reflectivity: (a) Distribution of reflectivity from the
field region, (b) Distribution of reflectivity from the water body during flight
experiments of three different days.

receiver collects data from approximately five GPS satellites,
with the elevation angle below 30° and above 65° being masked.
In this analysis, the results from the flight experiment for GPS
L1 PRN # 22 are given in Fig. 9 while we obtain similar results
for other satellites (not shown here). The black colors denote the
data collected by the down-facing unit on the UAS, while the red
color represents the data collected upward-facing ground unit.
The dashed lines denote elevation angles. As expected, the signal
strength from the ground unit (that collects the direct signal)
does not have dips. It exhibits a uniform response during the ex-
periment duration, about four hours. The received signals by the
drone units (collects reflected signal) fluctuate since the specular
points travel over different land features as the drone flies along
a straight path. As we hypothesized, the reflected signal is lower
than the direct signal, so the signal ratio in (4) represents a proxy
for the reflectivity. However, the reflected signal is occasionally
larger than the direct signal. These instances happen when the
drone turns from one flight line to another one. Additionally, as
the drone flies, the phone is not pointing straight down to the
ground due to the pitch angle of the drone. This indicates that
the angular dependence of the antenna pattern still needs to be
compensated.

Fig. 10 shows the distribution of reflectivity (after the offset
adjustment of 5 dB) over the field and water body as violin
plots during the first flights of three different days. The violin
plot depicts summary statistics and the density of each measure-
ment. The offset value is determined based on the water surface
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Fig. 12. Reflectivity correlation between multiple satellites from each of the

first flights of three experiment days.

reflectivity. As mentioned previously, the start time of the flight
days shifted accordingly to match the GPS satellites’ positions
each day. Similarly, every second, third, and fourth flight is also
synchronized UTC time. The average reflectivity over water is
higher than the average reflectivity over land. The variations
over water are much smaller than the variations over land, as
expected. The aforementioned observations and the reflectivity
distributions remained similar over multiple days, where the
field conditions did not change in three days (no rain between
flights). There are some instances where the land reflectivity
goes over the water reflectivity, but these can be considered
outliers and do not represent the general trend.

Fig. 11 shows the distribution of reflectivity over the field
and water body for three flights on the same day (i.e., November
23). Since these flights happened at different times, the satel-
lite elevation angles of these observations are different. The
fourth flight is excluded from the reflectivity analysis due to
the elevation angle of below 30°. This result shows a minor
dependence of the water reflectivity on the elevation angle, but
such dependence has somewhat more for the reflectivity over
land without a particular trend. The nominal polarization of the
inbuilt antenna is linearly polarized, but it is being rotated every
second, so the polarization nature of the reflectivity still remains
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to be further explored in order to arrive intuitive trend for the
angular behavior of the reflectivity.

Fig. 12 represents the correlation of overall reflectivity from
the field and water body for multiple satellites and different
days. The data and the regression line shows the reflectivity
correlation between the first flight experiment of November 23
and 27. The rest of the satellites’ reflectivity correlation between
the three experiment days is represented in tabular format. These
results indicate that the methodology shows a repeatable trend
across satellites and different days as long as the drone satellite
geometry remains the same.

C. Estimated Reflectivity Bound

In this section, we will argue if the distribution of reflectivities
over the land is within the theoretical calculations. In Fig. 13, the
geospatial (a) and temporal (b) plots of reflected signals are given
in the upper panel, while the bottom panel shows the same plots
in (c) and (d) for reflectivity estimates. The spatial distribution
of the reflections over water and land shows the clear distinction
between the water and the land. The variation over land is larger
while it is stable over water, as consistent with the previous
discussion. However, the direct comparison of point-by-point
moisture level estimation was not possible as it requires many
soil moisture probes available on the field. Instead, the Fresnel
reflectivity of linear polarized signals with flat (dashed lines)
and smooth rough surface of rms height of 1 cm (solid lines)
are calculated for water, wet soil (0.40 m® m—3), and dry soil
(0.05 m3 m~3) for expected extreme cases. The values are added
as the bounds in the temporal reflectivity plot in Fig. 13(d). The
result indicates that estimated values are within the theoretical
limits. While the experiment was performed on a barren field,
the effect of vegetation can add another dimension for such
comparison for crop fields.

V. DISCUSSION

The GNSS chips have become cheaper, smaller, and more
powerful. Now, they are ubiquitous and available virtually in
every mass-market smartphone. In addition, there are now mo-
bile devices on the market capable of recording raw GNSS
measurements. Direct access to raw GNSS data from mass-
market devices running the Android Nougat (or newer) operating
system [34], has opened up new solutions in navigation [35] and
remote sensing [36]. For instance, several groups investigated
the use of Android devices to perform GNSS- Interferometry to
measure sea level [35] or effective reflector heights [37], [38]. In
addition to the altimeter applications, a few initial studies [29],
[31] has also utilized smartphones for precision agriculture.
This section will discuss some of the tradeoffs involved in the
present study.

A fully customized UAS has been developed for this study
as it provides enough flight time to cover the ~ 2.31 ha study
field while carrying the spinning instruments and smartphone
as payload. Spinning speed of 60 r/min has been empirically
selected for the study by carefully testing different (30, 60, 90,
and 120 r/min) speed combination. A 24 V LiPo battery was used
to spin the smartphone. At 30, 60, 90, and 120 r/min, the power
consumption was 8 W, 12 W, 18 W, and 24 W, respectively. A
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Fig. 13.
plot of reflectivity with theoretical bounds for flat, smooth surfaces of water, wet

separate LiPo battery was used to power the spinning system
on the UAS platform. The UAS flight battery and flight control
system were independent of the spinning system. A spinning
rate of 60 r/min was found to provide sufficient smoothing of the
reference and ground-reflected signal to estimate the reflectivity
accurately. This setting also matches the 1 Hz signal acquisition
rate. Although a spinning rate of 120 r/min performs similarly
well, the 60 r/min setting was selected for this study due to
the reduced vibration introduced to the UAS structure during
flight and the lower power consumption associated with lower
spinning rates.

The smartphone (Xiaomi Mi-8) used in our experiment has
a linear polarized antenna [39]. When RHCP GNSS signals
reflect from the ground surface, their polarization changes to
left-hand circularly polarized (LHCP) signals. The smartphone
underneath the UAS platform receives these LHCP signals with
its linearly polazired antenna with 3 dB less power than it would
receive a LHCP signal with an LHCP antenna. However, as
we calculate the surface reflectivity by taking the logarithmic
difference between the ground-reflected signal and the direct or
reference signal, the 3 dB loss in the received signal does not
affect the reflectivity calculation.

The satellite’s elevation angle has some effect on the signal
power. We empirically observed that satellites with elevation
angles below 30° and above 65° do not provide consistent
signal strength. The lower elevation angle (below 30°) satellite’s
signal experiences more multipath and becomes weaker, and at
the higher elevation angles (above 65°) becomes stronger due
to the boresight radiation pattern of the GNSS antenna in the
smartphone. Because of this effect, we excluded the satellites’
signal with elevation angles below 30° and above 65° from our
analysis.

The offset that we calculated in the present analysis is to
compensate for the antenna effect due to the pitch of the UAS. It

Time Lapsed [minutes]

()

(a) Geospatial plot of reflected signal in dB-Hz, (b) comparison of direct and reflected signals in time series, (c) geospatial plot of reflectivity, (d) temporal

soil, and dry soil.

was estimated empirically by matching the reflectivity of the
water to the measured signal strength difference. The water
reflectivity is used as a reference. The water body we used in our
analysis was moderately calm so this offset can be used in similar
situations. However, if the water waves are too rough due to the
wind, the reflectivity of the water and the UAS dynamics will
change, and a new offset will need to be calculated. We corrected
the UAS pitch angle effect on the smartphone’s antenna radiation
pattern for North and South direction flight lines separately.

In this article, we focused on estimating surface reflectivity
accurately using a smartphone. However, surface reflectivity
depends on several factors, such as surface soil moisture, surface
roughness, vegetation types, vegetation height, and vegetation
density. These factors can introduce errors when retrieving
surface soil moisture from the reflectivity measurements unless
these effects are characterized accurately. In addition, a direct
comparison of point-by-point moisture level estimation was not
possible in this study, which would require a large number of
soil moisture probes available in the field. One could use a
rover equipped with soil moisture probes to collect soil mois-
ture data from the study field while collecting the reflectivity
data using the UAS-based system. In our future work, we will
focus on soil moisture retrieval from bare and vegetated soil
using surface reflectivity while considering the effects of these
factors.

One might expect that someone will not put their daily used
smartphone on a UAS to measure soil moisture. However, we
can consider the smartphone to be a standalone GNSS receiver,
not an everyday-use personal mobile communication device.
An off-the-shelf GNSS receiver consists of at least two parts
(GNSS receiver unit and receiving antenna) and requires spe-
cific knowledge to operate the system. On the other hand, a
smartphone has its own built-in GNSS chip and GNSS antenna.
One can use a spare smartphone and an app to receive and
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record the GNSS signal without having any prior knowledge
about GNSS receiver systems. Moreover, smartphones are more
ubiquitous than an off-the-shelf GNSS receiver, which allows
more access to general public, especially farmers in economi-
cally distressed areas and developing countries, to observe their
agricultural land. Apart from the soil moisture measurement,
this technique can be applied for other remote sensing problems
such as monitoring wetlands, snow, and floods.

VI. CONCLUSION

Our previous study indicated that the main limitation of
GNSS-R from smartphones was the irregular antenna pattern
of smartphones. In this article, we proposed a novel approach to
lessen the impact of the antenna on the received signal by spin-
ning the smartphone on a rotating ground plate, which requires
no explicit knowledge of antenna pattern characteristics. We
conducted several experiments to demonstrate the feasibility of
such an approach. The results indicated that spinning the phones
at more than 60 r/min eliminates the dips in the radiation pattern
and makes it quite uniform. We estimated surface reflectivity and
compared it with theoretical calculations and possible bounds.
The unique features of this work can be summarized as follows.

1) This study implements a ubiquitous GNSS-R approach
using a smartphone mounted on a small UAS platform
in conjunction with another smartphone on the ground to
estimate the surface reflectivity.

2) Smartphones’ irregular antenna radiation pattern has
been identified and corrected by developing a spinning
mechanism.

3) The reflectivity is estimated by taking the logarithmic
difference between two simultaneous measurements of
ground and UAS units, both of which use the same smart-
phone and spinning mechanisms.

4) Alow-cost meshed plate has been used to isolate the direct
and reflected signals on the UAS platform since the UAS’s
low altitude operation (15 m) prevents isolating direct and
reflected signals in time, as is done by the spaceborne
GNSS-R receivers.

5) The bound of estimated soil reflectivity due to surface
geophysical variations (i.e., dry to wet soil with smooth
surface) has been estimated, and the level has been ad-
justed with respect to the reflectivity over the water body.

The future work will include determining the offset value and
quantitative validation of the results with land features.
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