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Abstract We further developed a new approach using
GNSS reflectometry to determine the leveling connection
between a tide gauge and a GNSS antenna. This approach
includes the optimization of the unknown receiver band-
width and the estimation of frequency changes in the sig-
nal-to-noise ratio (SNR) oscillation through an extended
Kalman filter/smoother algorithm. We also corrected the
geometric bending of the GNSS signals due to tropospheric
refraction using local meteorological observations. Using
3 weeks of SNR data in Spring Bay, Australia, from a
GNSS antenna placed sideways (i.e., ground plane orien-
tated vertically and directed in azimuth toward the sea
surface) to improve the SNR interference near the horizon,
we obtained mean leveling differences of approximately
5 mm, with an RMS of approximately 3 cm level with
respect to the nominal leveling from classical surveying
techniques. SNR data from three different receiver manu-
facturers, coupled to the same antenna, provided similar
leveling results. With a second antenna in the usual upright
configuration, we obtained mean leveling differences of
1-2 cm and a RMS of about 10 cm. In the upright con-
figuration, the leveling differences may include errors in
the GNSS antenna phase center calibration, which are
avoided in our technique but not in the classical surveying
techniques. These results demonstrate the usefulness of the
reflectometry technique to obtain precisely and remotely
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the leveling between a GNSS antenna and a tide gauge. In
addition, this technique can be applied continuously, pro-
viding an independent and economical means to monitor
the stability of the tide gauge zero.
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Introduction

We develop the GNSS reflectometry tie technique for
leveling co-located GNSS and tide gauge (TG) stations
suggested by Santamaria-Gomez et al. (2015). This tech-
nique allows one to estimate the vertical distance between
the TG zero and the phase center of a co-located GNSS
antenna using reflections of GNSS signals from the sea
surface together with the TG observations of the sea-sur-
face height (SSH). The radio signals reflected from the sea
surface and reaching the GNSS antenna are delayed with
respect to the direct signal and cause measurable interfer-
ence in the form of an oscillation of the recorded signal-to-
noise ratio (SNR). By analyzing the rate of change of the
SNR oscillation, we can estimate the vertical distance from
the sea surface to the GNSS antenna. The GNSS reflec-
tometry technique using SNR data has been used in the past
to obtain SSH which used TG observations as ground truth
(Anderson 2000; Benton and Mitchell 2011; Larson et al.
2013a, b; Lofgren et al. 2014). Here, the TG observations
are used to remove the time-variable SSH variations, e.g.,
the tide, and translate the measured distance from the sea
surface to the TG zero, providing the desired leveling
distance.

This new technique provides several advantages com-
pared to the in situ leveling from classical surveying
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techniques that is used, or could be used, at many TGs. It
can be performed remotely, thus minimizing the need for
dedicated economic resources. It allows the leveling of
GNSS stations that would otherwise be difficult to access
or level, as in rooftop installations. It allows the leveling to
be performed continuously or backward in time as long as
GNSS and TG observations are coincident. And finally, it
avoids errors in the calibration of the GNSS and TG ref-
erences while allowing for the monitoring of their relative
stability. Despite these clear advantages, this technique
requires further developments to improve its accuracy in
comparison with what is obtained with classical leveling
(Santamaria-Gomez et al. 2015). Specifically, Santamaria-
Gomez et al. (2015) found an elevation-dependent leveling
bias of the order of about 10 cm when using satellite
observations below 12° elevation. A plausible origin for the
elevation-dependent error is the geometric bending of the
GNSS signals due to tropospheric refraction (Roussel et al.
2014). The elevation-dependent error is the most limiting
factor for the broad application of this technique given that
SNR series at very low observations are usually required
for the conventional application of this technique.
Santamaria-Gomez et al. (2015) also found that in two
out of eight stations leveled (Burnie and Spring Bay,
Australia), the technique provided a systematic leveling
bias of about 10-12 cm. Both stations are equipped with
the same GNSS and TG instruments. A follow-on experi-
ment was conducted in Spring Bay with the objective of
developing the technique and improving the results
obtained thus far. Specifically, we implemented a dedicated
field experiment to address two questions: Do different
receivers and signals provide different leveling results at
the same site that could explain the leveling bias? And, is
the elevation-dependent leveling bias explained from the
geometric bending produced by tropospheric refraction?

The Spring Bay experiment

From January 7-30, 2015, a field experiment was carried
out at the TG station at Spring Bay, Tasmania, Australia.
This station forms part of the Australian Baseline Sea
Level Monitoring Project (ABSLMP)' operated by the
Australian Bureau of Meteorology. It is an easy access and
well-instrumented site offering a wide horizon of approx-
imately 170° of sea-surface reflections (Fig. 1). It has an
Aquatrak acoustic TG sensor, a Vegapuls radar TG sensor,
a permanent GPS station (SPBY) and a meteorological
station recording barometric pressure and air/water tem-
perature (Fig. 2). The permanent GPS station is equipped
with a geodetic Leica AT504 GG antenna with a SCIS

' http://www.bom.gov.au/oceanography/projects/absimp/data/index.
shtml last accessed January 2016.
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Fig. 1 Aerial view of the Spring Bay site (solid red circle) with the
location of the processed satellite ground tracks between 2° and 40°
elevation (red lines). Note that only satellites transmitting L2C are
shown. The sizes of the first Fresnel zone at different satellite
elevation angles are also shown (white areas). A mean reflector height
of 394 m and the L1 carrier were used to compute the satellite
ground tracks and the first Fresnel zones

radome and a geodetic Leica GRX1200 GG receiver
recording L1 and L2P data at 1 Hz. No L2C observables
are available from this station.

During the experiment, three GNSS receivers, a Leica
GRX1200, a Trimble NetR9 and a Septentrio PolaRxS Pro,
were recording GPS L1 and L2 signals at 1 Hz from a
common shared antenna of the same type as for the per-
manent station, a Leica AT504 GG. Both L2P and L2C
codes were tracked. The antenna was placed sideways
between 3 and 5 m above the sea surface, with the ground
plane vertical, and directed in azimuth to face the sea
surface using the same monument as the upright permanent
antenna (Fig. 2). Given the fixed antenna gain pattern,
orientating the antenna sideways changes the ratio of the
direct to reflected signal strengths compared to the upright
case, thus maximizing the interference of the reflected
signals and providing clearer SNR oscillations that persist
to higher elevation angles (Fig. 3). The longer record of the
SNR oscillation increases the frequency resolution and
improves the formal precision of the estimated frequency
of the oscillation. A better frequency resolution may also
help to discriminate non-stationary features in the spectral
domain such as spurious frequency drifts from unmodeled
tropospheric refraction, near-field multipath, sea-surface
flatness, etc.

We noticed different tracking performance of the three
receivers sharing the antenna during the experiment, with
gaps at different epochs. The Septentrio receiver gathered
longer and more continuous observations, probably due to
its settings allowing the tracking of noisier GPS signals
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Fig. 2 Northward view of the Spring Bay site, Australia. The labels
indicate the location of each instrument. The air gap distance from the
acoustic TG to the mean sea-level surface during the experiment is
approximately 3.6 m
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Fig. 3 Carrier-to-noise density ratio (C/N,) observations in dB-Hz
from the sideways (blue) and upright (pink) antennas for the same
transmitted L1 signal and same receiver model. These observations
are equivalent to SNR in dB assuming a noise bandwidth of 1 Hz

compared to the Leica and Trimble receivers. Nevertheless,
the shape of the carrier-to-noise density ratio (C/Ny)
oscillation in L1 and L2C was consistent among all the
receivers. In general, the C/N, oscillations in L2C were
smaller in magnitude and diminished with elevation faster

than the SNR oscillations in L1. The tracking in L2P was
more receiver-dependent, with the Trimble receiver
showing very low C/N, with frequent gaps, especially at
high elevation. This could be due to the receiver-specific
tracking algorithms, the performance of the antenna split-
ter, or the shared antenna being a Leica and being powered
by the Leica receiver.

The reference marks of both TGs and both GNSS
antennas were leveled using classical in situ surveying
techniques, confirming previous leveling results available
at this site with a difference of less than 1 mm. The cali-
brated location of the TG zero with respect to the reference
mark and the time series of the measured air gap distance
from each TG zero to the sea surface were then used to
close the leveling loop. The leveling loop includes the air
gap from the acoustic TG zero to the sea surface, the air
gap between the sea surface to the radar TG zero, and the
leveling between both TG zeroes plus their calibration. The
loop closed with a mean error of —6 mm, fluctuating in
time between 4.7 and —19.3 mm (95 % interval) with a
standard deviation of 8 mm. The consistency of the
leveling results excludes a leveling error as the main con-
tributor to the mean closure error. Therefore, the closure
error probably accounts for a time-dependent measurement
bias in one of the TG sensors or in both. While the acoustic
sensor automatically applies corrections to the tempera-
ture-driven changes of the speed of sound, a small fraction
of the variation of the closure error may originate from
uncorrected temperature gradients (Hunter 2003) and/or
current-driven Bernoulli effects (Shih and Rogers 1981)
inside the acoustic sounding tube. However, it was not
possible to allocate a time-variable measurement bias to
any of the TG sensors without additional independent
measurements of the SSH. On the other hand, it is more
likely that any time constant closure error originates from
the zero calibration of the radar TG, which was obtained
from the manufacturer, in contrast to the zero calibration of
the acoustic TG which was determined in a laboratory
setting by the station manager (Bureau of Meteorology,
personal communication). Therefore, in what follows, we
used SSH measured by the acoustic sensor alone assuming
it is free of any measurement bias. SSH uncertainty from
the acoustic sensor places the upper limit of the contribu-
tion of the TG calibration to the leveling estimates to
within 8 mm. This error is small enough to rule out the
calibration of the TG zero as the origin of the about 12-cm
leveling bias found at this station by Santamaria-Gomez
et al. (2015), leaving the processing of the SNR data as the
likely origin of the reported leveling bias. In the next
section, we refine the SNR signal processing approach to
address this problem.

@ Springer



454

GPS Solut (2017) 21:451-459

Processing the SNR signal

The GNSS receiver C/Ny measurements for each ascend-
ing/descending satellite arc are converted to SNR data,
detrended and translated in height to the TG zero by
removing the observed SSH. Then, the vertical distance
between the GNSS antenna phase center and the TG zero is
linearly given by the frequency of the SNR oscillation and

A
h=3f (1)

where fis the estimated frequency of the SNR oscillation in
cycles per sine of elevation and A is the GNSS transmitted
signal wavelength. Further details are provided in earlier
studies using SNR measurements where the dynamic SSH
needed to be accounted for (Larson et al. 2013b; Lofgren
et al. 2014). The next sections describe the developments
of the SNR signal processing.

Converting the SNR signal

Before processing the SNR signal, the C/N, measurements
in dB-Hz are usually converted into SNR values following:

SNR = < (2)
NoB
where B is the noise bandwidth (in Hz) set in the receiver.
We assume the reported S1/S2 values in the RINEX files
are C/N,y measurements. Depending on the receiver man-
ufacturer, the noise bandwidth is usually not reported in
the receiver settings or specifications. Fortunately, when
using SNR measurements in logarithmic scale, the recei-
ver’s noise bandwidth acts as a scaling factor, and there-
fore, it has no effect on the estimated frequency of the
SNR oscillation. Some authors choose to use SNR mea-
surements in logarithmic scale assuming a noise band-
width of 1 Hz (Larson et al. 2013a; Lofgren et al. 2014;
Santamaria-Gomez et al. 2015). The caveat of this
approach is that the SNR oscillation in logarithmic scale
does not resemble a perfect sinusoidal oscillation and
exhibits deep valleys and flat crests (Fig. 3). A transfor-
mation of the SNR measurements into linear scale (watts
per watt or volts per volt), by taking the exponential of
(2), also transforms the shape of the SNR data into a more
sinusoid-like oscillation (Larson and Nievinski 2013;
Nievinski and Larson 2014). However, when transforming
from logarithmic to linear scale, the value of the noise
bandwidth in (2) becomes critical as different bandwidth
values yield different shapes of the resulting SNR oscil-
lation, especially at low elevation angles where the
amplitude of the SNR oscillation is larger. Depending on
the noise bandwidth chosen, the SNR values at low ele-
vation are distributed differently between the valleys/
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crests of the oscillation; the lower the bandwidth value,
the sharper the valleys and vice versa. The change in the
shape of the SNR oscillation at low elevation as a function
of the noise bandwidth may affect the sinusoidal fitting
and the estimation of the frequency of the SNR oscillation,
i.e., the distance to the reflecting surface.

The bandwidth values set in the receivers used here were
unknown. Therefore, we developed an approach to opti-
mize the bandwidth value for each receiver from the con-
verted SNR data themselves. The optimization was based
on the expected sinusoidal shape of the converted SNR.
This was done by maximizing the explained variance of a
fitted sinusoidal to the SNR data. SNR series with at least 3
SNR cycles below 7° were chosen to optimize the receiver
bandwidth value between 2 and 50 Hz. At higher elevation,
the changes in the sinusoidal shape of the oscillation by
changing the bandwidth were more difficult to assess.
Although the noise bandwidth set in the receiver is satel-
lite-independent, the dispersion of the optimized bandwidth
values varied for each GPS satellite and was not related to
the satellite block. While some satellites had a narrow
histogram of optimized bandwidth values with a standard
deviation of 2-3 Hz, others provided scattered values and
were not used to estimate the receiver bandwidth. The
spread of bandwidth values for some satellites is probably
caused by near-field multipath or by the different azimuthal
obstructions of the signals at low elevation and the very
repetitive ground track of the satellites within a month of
observations. The average of the estimated bandwidth
values for both L1 and L2 carriers were 7, 15 and 12 Hz,
respectively, for the Leica, Trimble and Septentrio recei-
vers, with uncertainties of less than 1 Hz. These values
were then used to convert the S1/S2 (C/Ny) values reported
in the RINEX files into linear SNR observables and then
used to fit the frequency of the oscillation to determine the
leveling.

Filtering the SNR signal

In Santamaria-Gomez et al. (2015), different leveling
results were obtained using the L1 and L2(P) signals. In
this experiment, we additionally used SNR observations
from the L2(C) signal. In order to compare the perfor-
mance of the GPS L1(C/A), L2(P) and L2(C) signals, only
satellites transmitting the three codes were retained for
further analysis. At the time of this experiment, this
selection represents 15 satellites, about half the GPS con-
stellation. To isolate the SNR series where the sea surface
is the main reflector, we applied the stacked spectra
approach described in Santamaria-Gomez et al. (2015),
with the difference that we initially excluded satellite arcs
not traversing the usable half-horizon of the antenna ori-
entated sideways.
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Fig. 4 Stacked Lomb-Scargle periodograms of the L1 (blue),
L2(C) (red) and L2(P) (black) SNR series from the Septentrio
receiver and the sideways antenna. Frequencies were transformed into
heights at the corresponding L1 and L2 carrier wavelengths. The
numbers indicate the height of the maximum power

Figure 4 shows the stacked Lomb-Scargle peri-
odograms (Scargle 1982) from the three observed signals
from the sideways antenna and the Septentrio receiver.
The stacked periodograms compile data from the whole
experiment duration and include about 330 satellite arcs.
The stacked periodograms for the other receivers con-
nected to the sideways antenna are similar and are not
shown. The three signals are sensitive to the sea-surface
reflections and provide a good a priori value of the
vertical distance between the sideways antenna and the
TG zero. However, a secondary artificial peak is also
visible in the L2(P) periodogram (Fig. 4). The separation
of this secondary peak for L2(P) does not exactly match
with the location of a possible interference of the L1
carrier onto the SNR signal of the L2 carrier, which
would be located at j—f ~ 1.283 times the peak of the L2
carrier, where A is the wavelength of the L1 and L2
carriers, respectively. In addition, this secondary peak is
not visible in the stacked periodogram of the L2(P) sig-
nal from the upright antenna ruling out the L1 interfer-
ence and the semi-codeless tracking of L2 as the
plausible explanations. The origin of the secondary arti-
ficial peak in the L2(P) periodograms is elusive, but its
location with respect to the main peak produced by the
sea-surface reflections is consistent in all SNR series and
for all receivers connected to the sideways antenna. This
allows us to filter out this secondary SNR oscillation
from the L2(P) SNR series by applying a band-pass
filter. The band-pass filter was also used to remove very
low SNR frequency variations located at least four times
lower than the main frequency of interest provided by
the stacked periodograms (Fig.4). These long-period

variations of the SNR signal are due to the elevation-
dependent antenna gain pattern (Fig. 3).

Estimating frequency changes in the SNR signal

Santamaria-Gomez et al. (2015) assumed the frequency of
the SNR oscillation was constant once the inverse Doppler-
like effect of the SSH change was corrected for using the TG
measurements. Note that Eq. (5) in Santamaria-Gomez et al.
(2015) for the inverse Doppler-like correction should read

, k
sin(ef) = sin(ef) (1 - 6%)
% l
A

where sin (ef-‘)’ is the value of the independent variable, sine
of elevation, after correction for the inverse Doppler-like
effect; v; is the instantaneous frequency at the beginning of
the SNR series; ovf is the frequency change from the
beginning of the SNR series obtained from the observed
SSH change with sin(e), 5hf; / represents the wavelength
of the transmitted GPS signal. The frequency of the SNR
oscillation is given in units of cycles per sine of elevation.
Subscripts i refer to each SNR series, and superscripts
k denote each individual SNR measurement in the series.

After correcting the SNR series for SSH changes, San-
tamaria-Gomez et al. (2015) estimated a constant fre-
quency of the SNR oscillation while allowing the
amplitude to vary through a Kalman filter. However, their
results revealed a consistent elevation-dependent leveling
bias in low-elevation SNR data. Here, we applied the same
approach to remove the SSH changes and then we used a
different approach based on a continuous epoch-wise
estimation of the SNR frequency by means of a second-
order extended Kalman filter/smoother (EKF; Jazwinski
(1966). The EKEF is the evolution of the traditional Kalman
filter dealing with nonlinear dynamical systems.

The initial amplitude and phase of the SNR oscillation
in the EKF were obtained from an a priori sinusoid fit to the
first four complete cycles of each SNR series, where the
frequency was obtained from the a priori leveling value
determined from the stacked periodograms (Fig. 4). The
measurement noise variance in the EKF was obtained from
the residuals of the sinusoidal fit. The phase of the esti-
mated SNR oscillation was set as a constant, and we
allowed the EKF to estimate variations in the amplitude
and frequency of the SNR oscillation. The process noise
variances for amplitude and frequency were tuned from
synthetic data mimicking the SNR oscillation with differ-
ent grades of amplitude and frequency variation. We
retained estimated frequency values for which the esti-
mated amplitude of the oscillation was twice the root mean
square of the residual SNR signal after the EKF fit. For

(3)

5va = 5hf-‘
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most of the SNR series, this threshold allowed us to esti-
mate frequency changes up to 40° elevation. Figure 5
shows an example of detrended SNR series (top panel in
blue) and the estimated EKF oscillation model with the
elevation-variable amplitude and frequency estimates (top
panel in red, middle and bottom panels).

The geometric bending of the radio waves caused by the
atmospheric refraction is one of the possible origins of the
leveling bias at low elevation angles (Anderson 2000). The
bending of the GNSS radio signals as they approach the
earth’s surface causes the actual incidence angle of the
signals to differ with respect to the nominal satellite ele-
vation at the GNSS antenna. This elevation-dependent
elevation angle error affects the sampling of the SNR
signal and mimics a drift in the frequency of the observed
oscillation. This spurious Doppler-like effect can be
removed if one knows the bending of the GNSS radio
signals at the sea surface. Therefore, in a second processing
of the SNR series, we applied the same strategy but, before
running the EKF, the elevation angles [sine(e)] in the SNR
series were corrected for the bending effect of the tropo-
spheric refraction. The bending effect was estimated using
atmospheric pressure and temperature recorded at the TG
following (Bennett 1982):

sio P (73 @
e = e+ ——-:
9T +4921010.16 e+4.4

where e and Je is the elevation angle and the elevation
angle change in radians, T is temperature in degrees C, and
P is pressure in mb. The hourly tide gauge and meteoro-
logical data were obtained from the ABSLMP'.

0

Fig. 5 Example of elevation-
dependent estimates of x10° 5

Results and discussion

A clear systematic elevation-dependent frequency varia-
tion, equivalent to up to about 15 cm in estimated height
change, is shown in the example of Fig. 5. We applied the
described approach to all recorded SNR series from dif-
ferent satellites, signals and receivers. Figure 6 shows the
elevation-dependent leveling differences with respect to
the nominal leveling value for each receiver and signal
without applying (top) and after applying the bending
correction of the elevation angles (bottom). Below 5° and
above 25° elevation, all receivers show consistent results,
but there is a separation of the leveling results by signal,
with the L2(P) showing less leveling bias at low elevation
in agreement with former results (Santamaria-Gomez et al.
2015). We also notice that the bending correction does not
have the same impact in all the signals at low elevation. For
instance, the leveling results in L2(P) below 5° elevation
were degraded after applying the correction. This indicates
that additional systematic errors also exist that may be
signal-dependent. The secondary peak found in the
L2(P) SNR spectra also supports this hypothesis.
Between 5° and 25° elevation, all signals and receivers
show a consistent elevation-dependent leveling error below
about 12° elevation (Fig. 6 top) reproducing the findings in
Santamaria-Gomez et al. (2015). This elevation-dependent
leveling bias is mostly reduced when applying the bending
corrections (Fig. 6 bottom). Similar leveling results were
obtained after applying the bending correction using (4)
and temperature and pressure data extracted from the
European Medium Range Weather Forecast ERA-Interim
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Fig. 6 Moving average of the leveling differences with respect to the
nominal leveling value as a function of elevation angle by receiver
and GPS signal (top) and after correcting for the bending effect
(bottom). Differences are estimated leveling minus nominal leveling

(Dee et al. 2011) reanalysis, using a spatial resolution of
0.125° and a temporal resolution of 6 h. Therefore, the
meteorological models may allow correcting for the
bending effect easily at any location.

Table 1 shows the mean and standard deviation of the
leveling differences with respect to the nominal leveling
values for the different signals using SNR data from the
Leica receiver above an elevation cutoff of 0°, 5° and 12°,
respectively. Mean leveling differences between 2 to 7 mm
were obtained above 5° elevation. Results for the Trimble
and Septentrio receivers are similar to those for the Leica
within this range. Some residual elevation-dependent error
remains in the leveling differences after the bending cor-
rection is applied (Fig. 6) with a positive leveling bias
between 1 and 2 cm above 12° elevation. We assume that

Table 1 Mean and standard deviation (mm) of the leveling differ-
ences for each antenna with respect to the nominal leveling value by
GPS signal and elevation cutoff using the Leica receiver and after
applying bending corrections

Above 0° Above 5° Above 12°
Sideways
L1 6/27 7/25 13/27
L2(C) —1/38 2/37 11/39
L2(P) —3/67 4/55 19/45
Upright
L1 6/109 —13/116 —53/131
L2(P) —55/102 —17/86 —53/145

Mean differences are observed leveling minus nominal leveling

this residual elevation-dependent error is due to deficien-
cies in the tropospheric bending estimates or due to addi-
tional non-tropospheric effects present in the SNR signal,
for which the sea state is one of the main candidates
(Santamaria-Gomez et al. 2015). On the other hand, the
consistency of the leveling values among the different
signals between 5 and 25° is a compelling result indicating
that L2(P) SNR observables provide similar results as L1
or L2(C). Leveling results from the L2(P) code are, how-
ever, more scattered than those from L1 or L2(C), and thus,
more SNR series must be integrated to achieve the same
precision (Table 1).

Mean leveling differences and scatter from the upright
antenna, processed using the new EKF filter methodology,
are larger than for the sideways antenna, especially above
12° elevation where very few and scattered frequency
estimates were retained after the EKF fit. We also note that
while the EKF results in L2(P) are similar to those pub-
lished in Santamaria-Gomez et al. (2015), the results in L1
do not reproduce the leveling bias of 12 cm. They used
SNR data in logarithmic scale with an equivalent noise
bandwidth of 1 Hz, different to the optimized bandwidth of
7 Hz and linear SNR data that we used here. We observed
that when using logarithmic SNR data within the EKF
approach at this site, the leveling bias in L1 rises from
6 mm to 10 cm. Therefore, we explain the leveling bias
reported at this site from a combination of very low-ele-
vation data and a non-optimized sinusoidal oscillation in
the logarithmic SNR data.

The lower spectral resolution of the SNR data from the
upright antenna may also affect the accuracy and preci-
sion of the leveling results at this site. The spectral res-
olution is important because it is a measure of the
minimum vertical separation that can be discriminated in
the SNR oscillation between two different reflectors. For
example, in the spectral domain, a SNR oscillation on the
L1 carrier between 2 and 8° elevation from the upright
antenna, corresponding to the pink line in Fig. 3, cannot
discriminate between two reflectors separated vertically
by about 1 m. If there were another reflector within 1 m
of the sea surface, the peak in the spectrum of this par-
ticular recorded SNR oscillation will account for both
reflectors and the estimated distance to the sea surface
will be less precise. In contrast, the longer series of SNR
oscillations from the antenna orientated sideways provides
improved spectral resolution and thus better isolation of
the sea-surface reflections in those situations where the
sea surface is close to other potential reflectors. This
limitation of the technique does not apply in sites where
the mean sea level is far from other height-fixed reflec-
tors, for instance the ground or support structures around
the antenna, or where the tidal range is large enough to
discriminate the sea surface from other reflectors when
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correcting the SNR observations with the inverse Dop-
pler-like SSH (Santamaria-Gomez et al. 2015). At the
Spring Bay site, the tidal range varies between 0.5 and
1.3 m, and, therefore, it does not provide a significant
discrimination with respect to its SNR spectral resolution.
However, the height-fixed reflectors are likely far enough
to the mean sea surface which is about 3 m below at this
site (Fig. 2).

The mean leveling differences for the upright antenna
also contain errors in the phase center calibration of the
GNSS antenna which, for the upright configuration, are
expected to be larger in the vertical direction and thus
having more impact on the results than those obtained from
the sideways antenna. Errors in the antenna phase center
show up in the leveling differences, but they must be
considered as a limitation of the classical leveling approach
and not as a limitation of this technique, which is insen-
sitive to this error. In this regard, since the effects affecting
the frequency of the SNR oscillation, e.g., refraction or sea-
surface flatness, are mostly common to the sideways and
upright antennas, the differences in the SNR frequency
from simultaneous observations and two differently ori-
ented antennas will reflect the height difference between
their respective antenna phase centers. Assuming that the
relative error of the antenna phase center is one order of
magnitude smaller than its value, this technique could be
used as an alternative and relatively simple in situ and site-
specific validation method for the vertical phase center of
the upright antenna that accounts for near-field multipath.

The mean and standard deviation of the leveling dif-
ferences may also include the contribution of a TG cali-
bration error and TG measurement noise at the millimeter
level. Using the radar TG instead of the acoustic, we found
mean leveling differences of about 7-8 mm in agreement
with the closure error between both TGs. We attribute this
leveling difference to the unknown calibration of the radar
TG zero. With respect to any time-variable measurement
bias at the acoustic TG, the scatter of the leveling results
was too large to allow identifying this as a source of error.
However, the mean leveling differences obtained using a
month of data indicates that this technique could be useful
to constrain mean calibration bias and to monitor bias drift
of the TG zero at the millimeter level.

Conclusions

We have improved the GNSS reflectometry tie technique
for remote TG leveling. We optimized the unknown
receiver bandwidth to convert the observed carrier-to-noise
density ratio (C/Ny) into linear SNR values and then we
developed the processing of the SNR series through an
extended Kalman filter/smoother algorithm. This new
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approach allowed us to estimate small but significant
changes in the frequency of the SNR oscillation by ele-
vation angle.

We tested the new processing approach in a field
experiment conducted at the Spring Bay TG, Australia. We
demonstrated that changes in the frequency of the SNR
oscillation at very low elevation angles are mostly related
to the geometric bending of the radio waves traversing the
troposphere and that they can be largely corrected using
local atmospheric pressure and temperature observations.
We also demonstrated that the leveling bias of 12 cm found
at this site is not related to the GNSS equipment but
originated from a non-optimized sinusoidal SNR oscilla-
tion at very low elevation angles.

Using SNR series above 5° elevation from a GNSS
antenna placed with the ground plane vertical, but orien-
tated in azimuth facing the sea surface, we obtained
leveling differences at the millimeter level with respect to
the nominal leveling from in situ classical surveying
techniques. When using the common upright antenna
configuration, we obtained leveling differences of less than
2 cm. In this case, the leveling differences may include
errors in the GNSS antenna phase center calibration, which
are avoided with this technique but not in the classical
surveying techniques. The increased scatter of the leveling
results from the upright antenna requires further under-
standing and modeling of the SNR observables.

The leveling differences may also account to some
extent for errors in the calibration of the TG zero and for
systematic phase effects affecting differently the SNR data
in the L1, L2(C) and L2(P) signals tested. For instance, a
spurious secondary peak was detected in the spectra of the
L2(P) SNR series. The origin of this secondary peak
remains unanswered, but its consistent location in the
spectrum allowed us to remove its effects and to obtain
reliable leveling results from the L2(P) signal.

These results demonstrate the usefulness of the GNSS-R
technique to obtain precisely and remotely the leveling
between a GNSS antenna and a TG, and the methodolog-
ical improvements provided here could be incorporated in
different applications using reflected GNSS signals. This
technique can be applied continuously, providing an
independent and economical means to monitor the stability
of the TG zero. In addition, the technique offers the
potential to be used in a campaign style mode to yield the
connection between a TG zero and a nearby continuously
operating GNSS site that may not necessarily be in view of
the sea. In this case, a mount is required that permits the
campaign-based antenna to be orientated sideways, and
then reverted to the nominal orientation, enabling data
collection for both GNSS-R and a short baseline connec-
tion with the existing GNSS site. In addition to the leveling
of tide gauges, several applications using reflected GNSS
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signals, such as extracting soil moisture, vegetation index
or snow depth, could benefit from the simple correction of
the tropospheric bending effect at elevation angles below
10°.
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