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Vegetation Sensing Using GPS Interferometric
Reflectometry: Experimental Results With a
Horizontally Polarized Antenna

Qiang Chen, Dachee Won, Dennis M. Akos, and Eric E. Small

Abstract—Measurement of vegetation state is required both for
modeling and for satellite data validation. GPS Interferometric Re-
flectometry (GPS-IR) is a passive microwave remote sensing tech-
nique that has been applied to several applications, such as sensing
soil moisture, snow depth, ocean roughness and wind speed, and
vegetation growth. Previous studies proposed that geodetic GPS
data could be used to measure vegetation biophysical parame-
ters, for example, vegetation height and vegetation water content
(VWC). However, the measurement range and accuracy are lim-
ited because the geodetic GPS antenna is designed to suppress
reflections. In this paper, the antenna design for vegetation sens-
ing via GPS-IR is discussed. Then, a customized dipole antenna is
developed specifically for vegetation sensing. A field experiment is
conducted at Boulder, CO, USA to evaluate the performance of the
proposed antenna. The GPS metric, which is the normalized signal-
to-noise ratio (SNR) amplitude A, , ., , shows a linear relationship
with in situ measurements of VWC over a range of 0—6 kg/m?,
which is much greater than the range from the geodetic data
(0—1.0 kg/m?). The sensitivity of A,,.m to VWC change is
—0.11 (W/W)/(kg/m?), and the average measurement error of
VWC is ~12.4%. Thus, the horizontally polarized antenna is suit-
able for vegetation monitoring in most environments, including
agricultural settings. The effects of soil moisture on GPS SNR am-
plitude are also documented, but these are minor compared to the
decrease in amplitude resulting from vegetation growth.

Index Terms—Global positioning system (GPS), reflectometry,
remote sensing.

1. INTRODUCTION

HE amount of water stored in vegetation is an impor-
T tant biophysical parameter for both climate and hydrolog-
ical studies, and the measurement of vegetation water content
(VWC) has been an important application of the remote sens-
ing techniques, including optical and active/passive microwave
bands [1], [2]. Among the passive microwave techniques, GPS
Interferometric Reflectometry (GPS-IR) has proven its utility in
various earth environmental sensing applications, including the
measurements of snow depth [3]-[8], near-surface soil moisture
[9]-[14], costal sea level [15]-[18], and vegetation biophysical
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Fig. 1.  Principle of GPS-IR. e is the elevation angle of the satellite with respect
to the horizon, Hy is the apparent height of the GPS antenna above the reflecting
surface. GPS-IR is essentially a bistatic radar system. The GPS satellites serve
as the radar transmitters and the ground-based GPS antennas/receivers serve as
the radar receivers. There are two radio links: the direct and the reflected radio
links. The reflected signal contains the information about the surface reflector.
The primary observable used in GPS-IR is the SNR), which is a standard output
for most GPS receivers. The SNR data exhibit an interference pattern created
by the direct and reflected GPS signals.

parameters [12], [19]-[23]. The GPS-IR technique utilizes the
interference pattern of the observed signal-to-noise ratio (SNR)
created by the direct and ground reflected signals for environ-
mental parameters retrieval (see Fig. 1).

One approach of the GPS-IR technique is utilizing the
geodetic-quality GPS antennas and receivers that are mainly
deployed for tectonic and surveying applications. The widely
distributed geodetic GPS networks, e.g., Continuously Operat-
ing Reference Station (CORS, http://geodesy.noaa.gov/CORS)
and the EarthScope Plate Boundary Observatory (PBO,
http://pbo.unavco.org), provide wide spatial coverage, and have
zero additional hardware cost for this capability expansion [24].
However, the geodetic GPS antennas are designed to suppress
the ground reflected signal (known as multipath in GPS pre-
cise positioning) that contains the desired information about the
earth’s surface. Fig. 2(a) depicts the gain pattern of a typical
geodetic GPS antenna. Generally, the right-handed circularly
polarized (RHCP) gain is several orders of magnitude larger
than the left-handed circularly polarized (LHCP) gain at high el-
evation angles, which aims to suppress the reflected GPS signal.
That is because the direct or line-of-sight GPS signal is RHCP,
and thus a portion of the reflected signal is cross polarized to
be LHCP. Moreover, the RHCP gain is optimized for the zenith
direction and minimized for the bottom hemisphere, which is
another design feature to suppress the ground reflected signal.
Fig. 2(b) shows some representative geodetic SNR time series
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(a) Novatel GPS-702-GG pinwheel antenna gain pattern (http://www.navtechgps.com/assets/). The solid red and blue curves are the RHCP gains of GPS

L1 (1575.42 MHz) and GLONASS G1 (1602 MHz). The dashed red and blue curves are the LHCP gains of L1 and G1. (b) Some representative geodetic SNR
time series with an antenna ~2 m above the ground [25]. The four SNR time series (PRN 1, 5, 17, 25) are offset for clarity.

[25]. All four SNR time series show a rising trend as the eleva-
tion angle increases, as a result of the zenith optimization of the
geodetic antenna’s gain pattern. The interference pattern is more
distinct at low elevation angles and diminishes at high-elevation
angles. A reason is that the RHCP gains are comparable for
the direct and ground reflected signals at low-elevation angles
but are vastly different at high-elevation angles. For example,
the RHCP gain difference presented in Fig. 2(a) is ~5 dB for
direct and reflected signals when the elevation angle is 10°. In
addition, the natural surface produces more RHCP reflections
at low-elevation angles. The limitations of the geodetic GPS
antenna are discussed in [11] in detail.

To overcome the limitations of the geodetic GPS antenna,
researchers have tried to utilize specifically designed anten-
nas based on the requirements of the corresponding applica-
tions. In [12], [26], and [27], an instrument called Soil Moisture
Interference-pattern GNSS Observations at L-band (SMIGOL)
is proposed to retrieve land geophysical parameters (surface to-
pography, vegetation height, and soil moisture). The key design
of SMIGOL is utilizing a vertically polarized (V-pol) patch an-
tenna to exclusively receive the V-pol components from the di-
rect and reflected signals. Vertical polarization has an important
feature known as the Brewster’s angle: the angle at which the in-
cident electromagnetic wave completely penetrates the bottom
media and is not reflected. For bare soil, the V-pol SNR shows
a notch in the interference pattern and, more importantly, the
notch position is related to the permittivity of the soil, and thus
determined by the soil moisture. If the notch is detected then it
can be used for soil moisture retrieval. This technique is then
extended to a dual-polarization configuration to add the horizon-
tal polarization for more accurate soil moisture retrievals [13],
[14]. For vegetation-covered soil, the interference pattern of the
V-pol SNR has more than one notch and their number/positions
are only determined by the vegetation height. Three field ex-
periments were carried out during the year 2008-2010 in Spain
with three types of crops: wheat, barley, and maize. The retrieved

vegetation heights and in sifu measurements match with high R?
values (R? > 0.79). However, this study only presents the veg-
etation height retrievals and does not mention the possibility of
retrieving other vegetation biophysical parameters (e.g., VWC).

Rather than utilizing the V-pol signal, other studies use the
amplitude of the interference pattern of the geodetic SNR for
vegetation parameter retrieval. In this paper, SNR amplitude
refers to the amplitude of the interference pattern of the SNR
time series unless otherwise specified. In [22], the agreement be-
tween the normalized SNR amplitude (normalized to bare soil
SNR) and VWC is evaluated using field data for four vegetation
types: shrub, short-grass, wheat, and alfalfa. It is concluded that
the VWC shows a quasi-linear relationship with the normalized
SNR amplitude. However, the linear relationship breaks down
if the VWC exceeds 1.0 kg/m?. In a companion paper [23], an
electrodynamic model is proposed to simulate the response of
geodetic SNR data to the changes in both soil moisture and
vegetation. The model is validated against sampled field data,
and predicts that the SNR amplitude is linearly related to the
VWC provided that VWC is below a threshold of 1.5 kg/m?.
This measurement limitation deems geodetic SNR data inappro-
priate for vegetation sensing in many environments, including
most agricultural settings. In this study, we follow up the work in
[22] and [23] and propose a customized dipole GPS L1 antenna
specifically designed for vegetation sensing. The SNR ampli-
tude is used as the GPS metric. The performance of the proposed
antenna is evaluated through an experimental campaign carried
out on a farm planted with alfalfa in Boulder, CO, USA. At the
same time, in situ vegetation and soil moisture are sampled to
validate the GPS data. The effect of soil moisture on the GPS
metric is evaluated in addition to retrieval of VWC.

This paper is organized as follows. Section II reviews the
principle of the GPS-IR remote sensing technique. The formu-
lation of the GPS-IR metrics is discussed. Section III presents
the proposed antenna and introduces its characteristics. Section
IV introduces the experimental setup, in situ data collection, and



CHEN et al.: VEGETATION SENSING USING GPS INTERFEROMETRIC REFLECTOMETRY: EXPERIMENTAL RESULTS

GPS data analysis. The experimental results are summarized in
Section V. The relationships between the GPS metric and veg-
etation measurements are described. In addition, the effect of
soil moisture change on the GPS metric is discussed.

II. GPS-IR METRIC MODEL

In this section, we briefly review the model of GPS metrics
used in GPS-IR, especially the SNR amplitude that is the met-
ric used in the vegetation sensing. The SNR data from a GPS
receiver are formulated as [11], [28]

SNR = (P; + P, + 2\/%005(27#771 sine + ¢))/P, (1)

where Py is the power of the direct signal, P, is the power of the
reflected signal, e is the elevation angle of the GPS satellite, f;,, is
the frequency, ¢ is the initial interference phase, and P, is the
noise power. For the geometry-driven applications (snow depth,
coastal sea level), the frequency f,, is related to the antenna
height with respect to the reflector H by

A
H = §fm )

where A is the wave length (A1 = 19.0 cm). When the satellite
is rising or setting, the observed SNR shows an interference
pattern with peaks and valleys when the direct and ground re-
flected signals are in phase or out of phase. The frequency f,
(and thus the antenna height H) can be estimated using the
Lomb-Scargle Periodogram (LSP) that is similar to Discrete
Time Fourier Transform but does not require evenly sampling.
Some other frequency retrieval algorithms are discussed in [18].
The frequency derived antenna height is often referred to as ef-
fective reflector height H.g [22], [23] and it is not always equal
to the geometrical antenna height—for a geodetic antenna, the
nonnegligible LHCP gain and the layering effect of soil medium
are the primary reasons for this discrepancy [11].

If the receiving antenna is working on a single dominant
polarization (this assumption does not hold for the geodetic
antenna at low-elevation angles), the initial interference phase
¢ is formulated as

¢ = ¢r + ¢ (3)

where

¢7‘ = arg(Rx) (4)

is the phase of the complex Fresnel reflection coefficient R,.
Here, x indicates the polarization. The characteristics of ¢, for
different polarizations and medium are discussed in detail in
Section III. The term

¢ = O(—¢) — O(e) (5)

reflects the different phase response of the antenna at different el-
evation angles, where ©(e) is the phase pattern of the receiving
antenna at elevation angle e. The initial interference phase ¢ is
not constant but changes much slower than the geometry-driven
phase change because of the movement of the GPS satellite.

In vegetation sensing, the amplitude of the interference pat-
tern A o« 2/ P, P, is more sensitive to the change of VWC and,
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thus, is used for VWC measurement. The limitations of using ef-
fective height H and the interference phase ¢ as the GPS metric
are discussed in [22] and [23]. The amplitude A is formulated
as

A= 2|RLS| V G(e)G(_e)Pd,iso/Rz (6)

where Py ;4 is the received power of the direct GPS signal by
an isotropic antenna (about - 160 dBW above the earth surface),
G (e) is the gain pattern of the receiving antenna at e. For a sur-
face reflector, S is the attenuation factor caused by the roughness
of reflector and is computed by

S? = exp(—4k?s’sin’e)

)

where k = 27 /) is the wave number in free space; s is the
standard deviation of ground surface height. In the various stages
of the vegetation growth cycle, the amplitude A would change
primarily with the reflection coefficient | R, | as a result of the
vegetation state (vegetation height and VWC) changes. The
response of | R, | to the change of vegetation state is discussed
in Section III.

III. ANTENNA DESIGN

In this section, we first present the Fresnel reflection coef-
ficients of four polarizations: horizontal, vertical, right-handed
circular (RHC) to RHC, and RHC to left-handed circular (LHC)
for various vegetation states. The horizontal polarization is se-
lected for vegetation sensing. At last, we introduce a customized
dipole antenna to be used in the experiment, including its polar-
ization and gain pattern.

A. Polarization Selection

For simplicity, the vegetation canopy is regarded as an atten-
uation layer that is proportional to VWC [29]. A more precise
model to evaluate the effect of vegetation canopy can be found
in [23] and is used in the following simulations. In Fig. 3, the
simulated Fresnel reflection coefficients for vertical, horizontal,
RHC to RHC, and RHC to LHC polarizations are presented. For
each polarization, the reflection coefficients are calculated with
four cases: dry bare soil, wet bare soil, 30-cm vegetation on top
of the wet soil, and 60-cm vegetation on top of the wet soil. The
permittivities of dry soil, wet soil, and vegetation canopy are
4+ 0.5j,12 + 1.5j, and 1.06 + 0.013j, respectively, [11], [23].

For the bare soil cases, the magnitude of the horizontal Fresnel
reflection coefficient |Ry,| is affected by soil moisture—|Ry,|
increases as soil moisture gets larger [see Fig. 3(a)]. The overall
horizontal reflection coefficient magnitude |Ry,| decreases as
the vegetation grows. For vegetation covered soil, |R;,| does
not exhibit a monotonic change but has small variations. These
variations are caused by the layering effect—the two leading
outgoing reflections, which occur at the air-vegetation and the
vegetation-soil interfaces, respectively, add up coherently in the
air half-space. The reflection magnitude varies because the phase
shift between the two reflections changes when satellite is rising
or setting. The behaviors of |R,,| are similar to |R;,| [see Fig.
3(c)], but is minimally impacted by the soil moisture for bare
soil cases. |Ry,|is also affected by vegetation growth, but the
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Fig. 3. Fresnel reflection coefficients of (a) horizontal, (b) vertical, (c¢) RHC to RHC, (d) RHC to LHC polarizations. For each polarization, the reflection

coefficients are calculated for four cases: dry bare soil, wet bare soil, 30-cm vegetation on top of wet soil, and 60-cm vegetation on top of wet soil.

change of |R,,| is not as distinct as |Rj,|—the curves of | Ry, |
for 0.3- and 0.6-m vegetation almost coincide. The drawback
of this characteristic is that the GPS metric (SNR amplitude)
gets saturated as the vegetation grows, as demonstrated in [22]
and [23].

The behavior of | R, | [see Fig. 3(b)] matches the results pre-
sented in [12], [26] and [27]. For bare soil cases, there is only
one minimum, corresponding to the Brewster’s angle, in the
curve of |R,|. The position of the Brewster’s angle is related
to soil moisture and, thus, is used for soil moisture retrieval.
As the vegetation grows, there are more minima and their num-
ber/positions change with the vegetation canopy height. How-
ever, it could be potentially difficult to detect the minima from
the observed SNR because | R, | is relatively small (thus |A] is
also small) at the minima. The experimental data presented in
Section IV demonstrate this difficulty.

|R,1| is also affected by soil moisture for bare soil cases, as
shown in Fig. 3(d). | R,1| shows a monotonic change as the veg-
etation grows. However, | R;;| is smaller than |R;, | for the same
vegetation state. For example, |R,,| is only about 0.5 when el-
evation angle is around 20° for the bare soil case, and | Ry, | is
around 0.8 at the same elevation angles. Again, a small reflec-
tion coefficient magnitude (and, thus, a small | A|) increases the
possibility that the interference pattern is blurred.

B. Customized Antenna

In [25], a customized dipole antenna is proposed and eval-
uated in a snow depth sensing experiment carried out at Table
Mountain plateau, Colorado during February 2012. The photo-
graph of the antenna, the simulation model, and its simulated

(a) (b)

2 —— dB (Gain Theta)
—— dB (Gain Phi)

Fig. 4. (a) Antenna used in the vegetation experiment, first proposed in [25].
The working frequency is decided by the length of the top pin, and the input
impedance can be adjusted to 50 2 by bending the four legs; (b) simulation
model of the proposed antenna in HFSS; and (c) simulated gain pattern of the
proposed antenna. The gain at ¢ direction is negligible compared to the gain at 6
direction, which means the dipole antenna is vertically polarized. If the antenna
is tipped, it is horizontally polarized at # = 90°. Please note that there are two
nulls in the direction of the antenna pointing and its opposite direction, which
means there will be little signal received in these two directions.
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(a) Photograph of the vegetation sensor. Two GPS antennas (H-pol L1 and V-pol L1) are utilized. The horizontal antenna is approximately 3 m above the

ground. (b) The horizontal antennas are east oriented, so the sensing region is the south area (few ground tracks to the north direction).

gain pattern are presented in Fig. 4. The dipole antenna can be
utilized in both vertical and horizontal polarization configura-
tions. In the vegetation experiment described later, two dipole
antennas, one vertically polarized and one horizontally polar-
ized, are employed to output the H-pol and V-pol SNR. We
conclude that the H-pol antenna is more useful to retrieve VWC
over the range that exists in agricultural settings. Results from
V-pol antenna are included to validate the simulation results pre-
sented earlier, and to show that the V-pol VWC measurement
range is limited compared to that from the H-pol antenna.

IV. EXPERIMENTAL SETUP AND DATA COLLECTION

In this section, we describe an experimental campaign using
the proposed dipole antenna. The experiment was carried out
from May to August 2014 at an alfalfa farm in Boulder, CO,
USA. First, we describe the experimental setup and then the
methods of data collection for both in sifu measurements and
GPS data.

A. Experiment Setup

The assembled vegetation sensor is shown in Fig. 5(a). A
100-W solar panel is employed to provide power to the whole
system. A mobile cellular radio is used to provide remote con-
nectivity. This vegetation sensor employs two GPS antennas:
a vertically polarized L1 and a horizontally polarized L1. Two
low cost GlobalTop GPS L1 receivers are used to collect the
SNR data from the H-pol and V-pol L1 antennas, respectively.
A web camera is installed to monitor the vegetation growth. A
Raspberry Pi, an inexpensive embedded computer, is used to
control the system and record the SNR data. The location of the
vegetation sensor (40°01°52.15“N, 105°10’11.75”W) in Google
Maps is shown in Fig. 5(b). The experiment period was from
May 1, before the alfalfa sprouted, to August 13, after the al-
falfa was harvested. The antennas are east oriented, and thus the
south region, which has most ground tracks (each ground track
is the footprint of the specular reflection points), is the optimal
sensing area. Due to the distribution of the GPS satellites, there
are few complete ground tracks to the north.

Fig.6. Whole sensing region is evenly divided into 16 sectors. The two sectors
in the south direction (R12 and R13) are the optimal sensing area because the
antenna is east oriented. In the two sectors, there are about 12 ground tracks
usable.

B. In Situ Data and GPS Data Collection

In situ measurements are needed to validate the GPS metric.
During the experimental period, in situ data were sampled on a
nearly weekly basis. In total, 11 field surveys were completed.
The in situ vegetation measurements include vegetation height
and VWC. For each vegetation sampling survey, seven 30-cm
by 30-cm quadrats were selected randomly in the sensing re-
gion and their locations were recorded. Their distances from
the antenna ranged from 7 to 34 m. The vegetation within each
quadrat was clipped, weighed immediately (wet weight), dried
in an oven at 50°C for 48 h, and weighed again (dry weight). The
difference of the wet and dry weights represents the vegetation
water mass, which is then normalized by the sampled area to ob-
tain the VWC. The data from the seven sampled quadrats were
averaged to get one day’s in situ VWC measurement. Also, at
each quadrat vegetation height was measured and then averaged
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Fig. 7.  (a) Photograph of field conditions, (b) H-pol SNR, and (c) V-pol SNR of PRN 13 in Region 13 on DoY 121, 171, and 202, 2014.

in the same way. Soil moisture data were sampled by Campbell
Scientific 616 soil moisture probes at a rate of one sample per 30
min. The probes were distributed as follows: five probes were
buried in soil at 2.5 ¢cm, five were buried at 7.5 cm, and two were
buried at 20 cm. Because the L-band sensing depth is ~5 cm
[30], we only utilize the 2.5-cm probe data here, which provide
an average of the top 5 cm of the soil column. The 2.5-cm depth
soil moisture data within one day were averaged to get a single
day’s soil moisture data representative of the top 5 cm of the
soil column, as in [10].

The GlobalTop receivers output a customized NMEA mes-
sage that includes the desired SNR information. The customized
NMEA message can provide SNR resolved to 0.1 dB. Since a
portion of commercial GPS receivers only provide quantized
SNR resolved to 1 dB, we manually quantized the received SNR
to 1 dB and found that the error introduced by quantization ef-
fect is negligible (less than 2%). The elevation angle mask used
in the data processing is from 10° to 30°, resulting in the ground
tracks extending from 5 to 20 m. There are approximately 70
GPS arcs (both rising and setting) that satisfy the elevation angle

mask each day. The ground tracks are not evenly distributed in
azimuth—most are in the southerly direction. The full azimuth
direction is evenly divided into 16 sectors and the ground tracks
in the two most south oriented sectors R12 and R13 are used to
compute one day’s SNR amplitude metric (see Fig. 6). For each
ground track’s SNR data, LSP is used to obtain the oscillation
frequency of the interference pattern f,,, (i.e., Hog ). As is shown
later, the SNR data do not exhibit a rising trend as the geodetic
SNR and thereby no detrending processing is required. Then,
the amplitude is estimated using the least square method, with
the oscillation frequency as the input. A quality check, using the
ratio of postfit error to the amplitude as a goodness-of-fit indi-
cator, is carried out to exclude the erroneous tracks. Finally, the
estimated amplitudes that pass the quality check are averaged
to be a single value, serving as the derived GPS metric for that
particular day.

V. EXPERIMENT RESULTS AND DISCUSSION

Three representative H-pol and V-pol SNR time series of
PRN 13 that correspond to the beginning (DoY 121), middle
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Time series of (panel 1) vegetation height, (panel 2) VWC, (panel 3) normalized SNR amplitude Ao, (panel 4) effective reflector height H.g, and

(panel 5) soil moisture from DoY 120 to 230. The error bars of panels 3 and 4 are based on the standard deviation of the measurements. Please note that the
standard deviation of H.g is only a few centimeter at the beginning of the vegetation growth (thus, the error bar is invisible), and then increases as vegetation
grows. The vegetation is mowed on DoY 217, as is shown by the yellow bar. The cut vegetation was left in the field to dry, and then removed on DoY 225 (labeled
by the green bar). The soil moisture data are not available after DoY 183 because of hardware issue.

(DoY 171), and end (DoY 202) phases of the vegetation growth
cycle are presented in Fig. 7. In addition, photographs of the
corresponding days are included to show the field conditions.
The azimuth angle of PRN 13 during the observation time is
~175°, locating in the optimal sensing area of the horizontal
antenna. The V-pol antenna is omnidirectional and, thus, has no
preference as to the azimuth direction. Before the alfalfa
sprouted (DoY 121), both the H-pol and V-pol SNR show a dis-
tinct interference pattern. The interference pattern of the H-pol
SNR has deeper nulls than the V-pol SNR, indicating that more
reflection power is absorbed by the horizontal antenna. This
matches the simulation results — | Ry, | is greater than | R,, | for bare
soil case. The interference pattern of the V-pol SNR has a notch
in amplitude when elevation angle is around 22°. This should
be attributed to the Brewster’s angle of the V-pol reflection. The
V-pol interference pattern does not completely diminish at the
Brewster’s angle, perhaps because of the nonuniformity of the
surface soil layer as well as the surface roughness. Using the in
situ soil moisture data and the soil permittivity—moisture model
in [31], we obtain a theoretical Brewster’s angle of 24°, which
is close to what is observed in V-pol SNR data. There are also
some mismatches between experimental data and simulation
results. For example, simulated V-pol SNR at low-elevation

angles (below 13°) shows irrelevance to vegetation growth while
the experimental V-pol SNR data show a uniformly decreasing
trend even at low elevation angles. This discrepancy indicates
the limitations of the layered model—the inhomogeneities of
the vegetation layer and the inside volume scattering are not
incorporated. Also for this reason, we use a relatively large
cutoff elevation angle (10°) because an obvious drop in SNR
amplitude is observed when elevation angles are below 10°.

As the vegetation grows, we can see a drop in the H-pol SNR
amplitude, which also matches the simulation results in Section
III. For the V-pol SNR, the interference patterns are blurred as
the vegetation grows. It is difficult to identify any notch in the V-
pol SNR data from DoY 171 and 202. In contrast, notches were
observed in [12], [26] and [27] throughout the experimental
cycle. The results presented here and those from [12], [26],
[27] are not expected to be the same: the primary reason is that
different antennas (patch versus dipole) were used in the two
experiments; also, different types of vegetation (wheat, barley,
maize versus alfalfa) were studied.

The time series of vegetation height (both in situ and cam-
era), in situ VWC, normalized SNR amplitude A, ., , effective
reflector height H.g, and soil moisture from the observation
period are presented in Fig. 8. The vegetation was cut on DoY
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217 (labeled by the yellow bar), then removed from the field on
DoY 225 (labeled by the green bar). The raw SNR amplitude
time series are normalized by the average of amplitude mea-
surements from DoY 120 to 123. During these four days, the
vegetation had not yet sprouted. In addition, there were no pre-
cipitation events so the soil moisture was relatively constant. In
the following interval, precipitation increases the soil moisture
and, thus, the reflection power. As a result, the normalized SNR
amplitude is greater than 1 on some days.

The normalized SNR amplitude A, clearly decreases as
the vegetation grows (see Fig. 8, panels 1, 2, and 3), from the
value of 1.0 at the start of the observation period to close to
zero prior to the alfalfa cutting. During this interval, vegetation
height increases from O to 90 cm and VWC increases from
0 to 6 kg/m?. The high amplitude values between days 130
and 150 show the effect of increasing soil moisture, prior to
the sprouting of the alfalfa. Once the alfalfa sprouts, there is
a nearly monotonic decrease in A, as vegetation height
and VWC increase. This decrease occurs over a range of
VWC of 0—6 kg/mZ. Importantly, A, does not increase
after the vegetation harvest on DoY 217, which indicates
that Ay, 1S not sensitive to vegetation height. In contrast,
Aporm does increase dramatically (almost to 1.0) once the cut
vegetation is removed from the field on DoY 225. This shows
that A, is affected directly by the variations in VWC. The
apparent relationship between A, and vegetation height is
the outcome of a linear correlation between vegetation height
and VWC during the growth period. Panels 3 and 5 show that
the general decline in A, .y, is temporarily affected by abrupt
increases in soil moisture due to precipitation or irrigation.
These sharp increases in soil moisture increase the permittivity
of soil and the H-pol reflection coefficient, as shown in Fig. 3.

It is demonstrated that the effective reflector height H.g¢ de-
rived from geodetic SNR is not a reliable indicator of vegetation
change [23]. From panel 4 of Fig. 8, H.¢ linearly decreases from
~3.1 m (bare soil) at the beginning to ~2.8 m prior to harvest
(~1 m vegetation). The decrease of H.g is much smaller than
the increase of vegetation canopy height (0.3 m versus 1 m),
indicating that the soil surface is still the primary reflector even
with high vegetation. Moreover, H.g¢ becomes unreliable when
the vegetation height reaches a particular threshold prior to the
harvest: the average H.g behaves randomly and the standard
deviation greatly increases. The reason for the randomized H,g
and the increased errors is likely the high-vegetation LSP has
two peaks and the maximum peak alternates, as demonstrated
in [23].

Fig. 9 shows that a clear negative correlation exists between
A, orm and the in situ measurements of VWC. The uncertain-
ties shown are based on the standard deviation of the A,
observations and in sifu measurements. The R? is 0.82, indi-
cating a good agreement between the two variables. From the
model, which has been fit to the data, the sensitivity of A, to
VWCis —0.11 (W/W )/(kg/mz). The maximum in situ VWC ex-
ceeds 6 kg/m?, which is much greater than the maximum VWC
detectable using geodetic GPS data (~1.0 kg/m?). The average
measurement error of VWC using A, .1, and the fit linear model
is 12.4%. Fig. 10 shows the correlation between A, ,,, and the
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Fig. 9. Correlation between Ayorm and VWC. Both the Ayorm and in
situ VWC uncertainties are based on the observation standard deviation. The
regression yields Aporm = —0.11 %« VWC + 0.91 with a R? = 0.82. The
95% confidence level of slope coefficient is —0.11 + 0.03.
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Fig. 10.  Correlation between Ay, orm and vegetation height. Both the Aporm
and in situ vegetation height uncertainties are based on the observation standard
deviation. The regression yields Aporm = —0.92 % VH + 1.05 witha R> =
0.82. The 95% confidence level of slope coefficient is —0.92 4 0.32.

in situ vegetation height is similarly high (R? = 0.82). Gener-
alizing the results, we can say the normalized SNR amplitude
Ajorm Shows a linear relationship with the in situ measurements
of the vegetation biophysical parameters (VWC and vegetation
height). The simulation results in [23] show that A,,,,, derived
from geodetic SNR is linearly decreasing as VWC increases
provided that VWC is below 1.5 kg/mz, and then saturates. Be-
cause the GPS antenna and vegetation type in this experiment are
different, we resimulate the responses of A, with vegetation
growth, as shown in Fig. 11. We can see that the magnitude of the
simulated decreasing slope is close to but smaller than that fit by
actual data. This discrepancy should be attributed to the unmod-
eled inhomogeneities and volume scattering of the vegetation
canopy, which would bring in additional signal power loss.
From Fig. 8 A, .. is clearly affected by the change of soil
moisture as well as the vegetation growth. Here, we make use
of the multiple precipitation events to evaluate the soil moisture
effect on A, ., . Before the alfalfa sprouts, the soil roughness is
quite stable and the change of A,,,,,, should be attributed to the
change of the soil moisture. With the in situ soil moisture data,
we can simulate the change of Ay, using the soil permittivity—
moisture model in [31] and the A, ,.m-€, model presented in
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Fig. 11. Simulated A,y versus vegetation height. The vegetation permit-
tivity used in the simulation is 1.06 + 0.015j, which is derived from in situ
vegetation measurements.
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Fig. 12. Measured A, change versus calculated A,y change from in
situ soil moisture data before alfalfa sprouts. With soil moisture, soil permit-
tivity is calculated using the model presented in [31] and the A, o, change is
calculated using the model presented in [23].

[23]. The relationship of the simulated and actual A,,,,, change
(AAporm) is shown in Fig. 12 and the regression has a slope
of 1.00 and R? of 0.66, which validates the effectiveness of
the model used in the simulation of bare soil. Based on this
calculation, the change of A, introduced by precipitation
or irrigation is estimated to be no larger than 24% during the
experiment period.

VI. CONCLUSION

In this paper, we analyzed the requirement of vegetation
growth sensing using GPS-IR and selected/utilized horizontal
polarization for a vegetation sensing experiment. A customized
horizontally polarized dipole antenna is proposed and evaluated
in an experiment carried out at Boulder, CO, USA. Both
modeled and experimental data show that the soil surface
is the primary reflector even with dense-water vegetation.
The experiment results show that there is a negative, linear
relationship between the normalized SNR amplitude and
VWC over a range of 0—6 kg/mz. The sensitivity of Aoy
to VWC change is —0.11 (W/W)/(kg/m?), and the average
measurement error of VWC is 12.4%. This measurement range
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is much greater than that detectable using standard geodetic
systems or a vertically polarized dipole antenna. The extended
measurement range is due to the increased reception capability
of the dipole antenna used in the experiment. The effect of the
soil moisture change is also observed, and produces relatively
smaller changes in normalized SNR amplitude.
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