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Abstract: The elevation angle influence on coastal GNSS-R ocean code-based altimetry for GPS
signals (L1 C/A and L5) and BDS B1 signals is investigated, and the corresponding correction
method is presented. The study first focuses on the coastal ocean altimetry method, including the
general experiment geometry and the code delay estimation using the single-point tracking algorithm.
The peak power and the maximum first derivative are used as the location of the specular point. Then,
the sensitivity of the height retrieved using the above coastal ocean altimetry method to elevation
angle is analyzed based on the Z-V model. It can be seen that the elevation angle has a significant
influence on the height retrieval, which will affect the precision of the coastal GNSS-R ocean altimetry.
Finally, two correction methods, the model-driven method and the data-driven method, are proposed.
The coastal altimetry experiments demonstrate that the correction methods can correct the elevation
angle influence, and the data-driven method is more effective. The experimental results show that,
after correcting the elevation angle influence, the code-based altimetry precision of the GPS L1
C/A signal, L5 signal, and BDS B1 signal can be up to the meter level, decimeter level (less than
4 decimeters), and meter level with respect to a reference tide gauge (TG) data set, respectively,
without smoothing over time. These results provide information to guide the sea surface height
retrieval using coastal GNSS-R, especially multi-satellite observation and GNSS signal with a higher
chipping rate.

Keywords: global navigation satellite system reflectometry (GNSS-R); ocean altimetry; elevation
angle influence; correction

1. Introduction

Global navigation satellite system reflectometry (GNSS-R) that was primarily pro-
posed for ocean mesoscale altimetry by Martin-Neira in 1993 [1] has been significantly
extended to a wide range of applications as an emerging remote sensing technology. GNSS-
R uses the reflected GNSS signals from the ocean surface to retrieve various physical
parameters of the Earth, such as ocean surface height [2,3], wind speed [4], sea ice [5-7],
significant wave height [8], the vegetation [9], soil moisture [10], target detection [11],
snow [12]. Compared with radar and scatterometer, GNSS-R does not require the addi-
tional transmitter and has the advantages of low power and low cost. GNSS-R could also
provide higher spatial-temporal resolution through a large number of GNSS satellites.
The potential for global observation of geophysical parameters using GNSS-R has been
fully exploited with the implementation of spaceborne GNSS-R missions, including UK-
DMC [13], UK-TDS-1 [14], CYGNSS [15], and BE-1 [16]. However, the limitation of spatial
resolution leads to the low observation precision for the spaceborne GNSS-R in nearshore
areas. Coastal GNSS-R can provide long-term stable and high-precision observation for
specific areas and make up for the shortcomings of spaceborne GNSS-R.

Sea surface height has continuously been a major area of attention within the essential
marine dynamic variables. At present, the coastal sea surface height is primarily measured

Remote Sens. 2021, 13, 2978. https:/ /doi.org/10.3390/1s13152978

https:/ /www.mdpi.com/journal/remotesensing


https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0001-7632-9046
https://orcid.org/0000-0002-9046-3388
https://doi.org/10.3390/rs13152978
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/rs13152978
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs13152978?type=check_update&version=2

Remote Sens. 2021, 13, 2978

20f19

by tide gauges, such as acoustic gauge, pressure gauge, and radar gauge, which have dif-
ferent applicable scenarios depending on the equipment cost, the installation environment,
and the service life, etc. [17]. GNSS-R can also measure the sea surface height, which was
initially proposed by Martin-Neira [1]. The retrieval of sea surface height using GNSS-R
has already been extensively discussed and made significant progress, especially in global
observations [18,19]. Two main methods for ground-based GNSS-R have been proposed
to retrieve sea surface height: GNSS-interferometric/multipath and reflectometry (GNSS-
I/MR) [20-23] and conventional GNSS-R (cGNSS-R) [24,25]. The GNSS-1/MR processes
the signal-to-noise ratio (SNR) output by the conventional GNSS geodetic receiver for sea
surface height retrieval [21,26-28]. Therefore, the GNSS data of the continuously operating
reference stations can be used without new equipment. The precision of the GNSS-I/MR
could reach centimeter-level altimetry [29], but it requires long-term observation records.
Moreover, only the SNR data of GNSS satellites with low elevation angles could be used,
resulting in low temporal resolution [3]. The roughness of the sea surface and the height of
the antenna could also limit the GNSS-IR method. The cGNSS-R retrieves the sea surface
height through the time delay between reflected and direct GNSS signals. The time delay
can be obtained by tracking the code phase (known as code-based method) [30,31] or carrier
phase (known as carrier-based method) [32,33] of the reflected and direct GNSS signals,
respectively. The cGNSS-R configuration generally uses an up-looking right-handed cir-
cularly polarized (RHCP) antenna to receive the direct GNSS signal, and a down-looking
high-gain left-handed circularly polarized (LHCP) antenna to receive the reflected GNSS
signal [34]. Higher altimetry precision can be reached using the carrier phase, approxi-
mately centimeter-level, than the code delay. However, the carrier-based method requires
that the carrier phase of the signals must be continuous. Therefore, that the coherent
components of the reflected signal should be sufficient enough; that is, the reflective surface
should be smooth (such as sea ice or inland water), which limits the use of ocean altimetry
based on the GNSS-R carrier-based method [35]. Compared with the carrier-based method,
several theoretical and experimental studies have indicated that the code-based method
has lower requirements for signal coherence, so it has a wider range of applications.

However, the precision of sea surface height based on the code-based method is
limited by the code chip length of the GNSS signals [36]. Currently, the code-based method
mainly uses GPS L1 C/A signals and BDS B1 signals. The corresponding precision of
sea surface height can only reach several meters [2,34]. With the gradual development
and modernization of the GNSS constellation, GNSS signals with wider bandwidths and
new modulation methods have been continuously upgraded and are becoming more and
more abundant for GNSS-R [37,38]. The third civilian GPS L5 signal, as a new signal
with advanced features, is being broadcast by 16 GPS satellites. The GPS L5 code has
a bandwidth of 10.23 MHz, which is ten times the bandwidth of the GPS C/A code.
Therefore, the time delay between reflected and direct signals obtained by tracking the
delay waveform of the L5 signal can be more accurate; that is, the GNSS-R altimetry
precision is better. In addition, the L5 signal has the opportunity to be received at higher
power compared to the L1 C/A signal [39].

Furthermore, the precision of sea surface height based on the code-based method is
also affected by the diffuse scattering from the sea surface; because the diffuse scattering
would affect the measurement deviation of the time delay between reflected and direct
GNSS signals. The diffuse scattering deviation is significantly sensitive to the elevation
angle for the GNSS-R ocean altimetry of the code phase method. For different elevation
angles, the diffuse scattering deviation of spaceborne GNSS-R altimetry could reach about
26.7 m [19]. The precision of the airborne GNSS-R ocean altimetry would be worse at
lower elevation angles [40]. The dependence of the coastal code-based GNSS-R altimetry
accuracy on the elevation angle has been found in the experimental evaluation [36,38].
The elevation angle influence for coastal GNSS-R altimetry was about 4 m in the coastal
GNSS-R altimetry experiment [41]. Therefore, the elevation angle influence should be
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corrected to obtain a higher altimetry precision. However, there was no systematic research
and demonstration about the influence of the elevation angle.

In this paper, the elevation angle influence on coastal GNSS-R ocean altimetry using
the GPS signals (L1 C/A and L5) and BDS B1 signals based on code phase is theoretically
and experimentally evaluated. The influence of elevation angles on coastal sea surface
height retrieval is corrected by the theoretical model simulation and the data-driven model
function, respectively. The rest of this paper is organized as follows. Section 2 reviews the
ocean altimetry method. Section 3 investigates the elevation angle influence based on the
Z-V model. Section 4 presents the correction method of elevation angle influence. Section 5
describes the field experiment performed to test the correction method in a real scenario
using the GPS signals (L1 C/A and L5) and BDS B1 signals. Section 6 contains an analysis
of the coastal ocean altimetry performance using the experimental data set, and Section 7
discusses the results and summarizes the main conclusions.

2. Ocean Altimetry Method
2.1. Geometry

GNSS-R operates in a noncooperative and bistatic radar configuration with GNSS
satellites as transmitters and receivers located on other platforms (including ground,
aircraft, and low earth orbit satellites). There are forward and backward observation
geometries in GNSS-R [42,43], and the forward observation geometry is used in the GNSS-
R ocean altimetry. For the typical coastal GNSS-R ocean altimetry, the general experiment
geometry corresponding to one reflecting surface point is illustrated in Figure 1. H, and h;
are the heights of the coastal receiver relative to the sea surface and the reference surface,

respectively; ¢ is the unit vector of the direct signal; 4 is the vector from the LHCP phase
center to the RHCP phase center; ¢ is the elevation angle of GNSS satellite at the reflection
point, which can be accurately computed from direct signal or the precise ephemeris of
international GNSS service.

b
P %
RN
GNSS satellite
Coastal receiver
! &

\ "

OF —— ~
Sea surface

Reference surface

. &~ Mirror point of receiver

Figure 1. Bistatic geometry of the coastal GNSS-R ocean altimetry.

The propagation path delay of the reflected signal relative to the direct signal can be
expressed as
Ad = Ap + pion + Ptro + pp + pe @)

where p;,, and py, are the differences of ionospheric and tropospheric delays between the
direct and the reflected signals, respectively, which can be neglected in the coastal GNSS-R
ocean altimetry; p, is the propagation distance deviation caused by non-specular scattering
and electromagnetic bias, which is sensitive to sea surface roughness and satellite elevation
angle [44]; pe is the residual measurement error induced by the instrumental delays; Ap is
the geometric path delay between the reflected signal and the direct signal. For the coastal
GNSS-R ocean altimetry, the curvature of the Earth is not considered because of the low
receiver height, and the GNSS satellites are far enough away that it can be assumed that
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the paths of the direct signal and the incident signal are nearly parallel. Therefore, Ap can
be expressed as follows [33,36]

Ap =2H,sine+d - ¢ @)
After calculating H, with Equation (2), the sea surface height (SSH) can be obtained by

2.2. Code Delay Estimation

In order to retrieve sea surface height, the time delay of the reflected signal relative
to the direct signal is necessary to be determined first, and an accurate estimation of the
time delay is important for the sea surface height retrieval. The delay can be estimated
by the delay waveform using the code delay method with a wider range of applications.
The delay waveform of reflected GNSS signals can be produced using the cross-correlation
between reflected signals and local replicas or the direct signals. At present, two algorithms,
including waveform matching and single-point tracking, have been proposed to estimate
the delay. The waveform matching algorithm uses the theoretical model waveform to best
match the measured waveform to get the delay, and the accuracy of the selected theoretical
model determines the delay accuracy [2]. The single-point tracking algorithm obtains
the delay estimation value by continuously tracking the defined characteristic points of
the waveform, such as the peak of the delay waveform [45,46], the peak of the delay
waveform derivative [45,47-50], and the fraction-power point [45,51]. The single-point
tracking algorithm is used in this paper because of its low complexity. The characteristic
points of the waveform should be easy to define and track and insensitive to the noise and
sea surface roughness. Because the results obtained by the fraction-power point (such as
0.75 and 0.7) are similar to the peak of the delay waveform derivative, the fraction-power
point has been excluded from this paper. In this paper, two types of characteristic points
are used, which are analogous to the points explained in [45].

(1) MAX: The delay coordinate of the peak power is considered the arrival time of
the reflected signal, that is, the peak of the delay waveform, which is only related to the
specular delay when the surface is smooth.

(2) DER: The delay coordinate of the maximum first derivative on the delay waveform
leading edge is considered the arrival time of the reflected signal, that is, the peak of the
delay waveform derivative.

3. Elevation Angle Influence

The sea surface height can be retrieved from the geometric path delay between the
reflected signal and the direct signal, as shown in Equations (2) and (3). The position
of the true specular point on the delay waveform differs between fully coherent and
incoherent scattering conditions [51]. The fully coherent scattering will have the shape
of an autocorrelation waveform, in which case the true specular point is the peak power
point. As the roughness of the reflection surface increases, the delay waveform will
have characteristic expansion and deformation, and the position of the specular point
will move down along the waveform leading edge. In this case, the peak of the delay
waveform derivative may be closer to the specular point. However, the observed GNSS
reflected signal is not strictly coherent or diffuse but is located on the spectrum between
the two extremes.

As mentioned above, due to the non-specular scattering from the sea surface in the
actual scenario, the delay obtained from the reflected waveform using the single-point
tracking algorithm has a deviation compared with the specular delay, which can be called
non-specular scattering deviation. The non-specular scattering deviation is sensitive to sea
surface roughness, which could govern the distribution of the reflected energy.

The roughness of the reflection surface is related to the incidence angle and wavelength
of the GNSS signal [52]. The higher the satellite elevation angle, the rougher the same
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reflecting surface will be relative to the GNSS signal, which means that the specular point
is farther away from the peak power point. This phenomenon of the coastal GNSS-R ocean
altimetry can be called the elevation angle influence. The theoretical scattering model, the
Z-V model, is used to analyze the effect of the elevation angle on the height retrieval of the
coastal receiver relative to the sea surface. The Z-V model was first derived by Zavorotny
and Voronovich based on the geometric optics limit of the Kirchhoff approximation. The
Z-V model is expressed as [53]

T2, P,GiA?
_ hotot
P(T) - C0(4n,)3

Gr(p)A?(t—1(9))S*(Teon (fo—f(P))) 2
<J R?(p)Rg(p)l ; o*(p)dp

4)

where T is the time delay; T, is the coherent integration time; P and P; are the received
and transmitted signal power; G, and Gy are the receiving and transmitting antenna gain;
Rt and R, are the ranges of GNSS satellite to coordinate origin and coordinate origin to
receiver; fp and f is the Doppler frequency shift; A is the electromagnetic wavelength of
the signal; A(-) is the PRN code autocorrelation function; S(+) is the sinc-shaped function
defined as S(f) = sin(7tf)/7nf; p is the arbitrary surface point; ¢ is the bistatic radar
cross-section (BRCS).

Several scattering models have been proposed to theoretically calculate the BRCS of
the sea surface. The most practical tool among them until now has been the two-scale
surface model, which is based on the theory that the sea surface is the superposition of
a two-scale roughness surface. In the two-scale surface model, the large-scale and small-
scale roughness of the sea surface is modeled as two independent random processes [43].
Therefore, the BRCS of the sea surface is computed by the sum of large-scale and small-scale
BRCS, which could be estimated using the Kirchhoff approximation in the geometric optics
(KAGO) and small perturbation method (SPM), respectively [54]

0 = 0kaGo + Tspm 5)

where ox 4o and ospys are the BRCS of the large-scale and small-scale roughness, respec-
tively. oxaco is computed as [55]

4
OKAGO = 7T§R|2|qz|;def(—qL) (6)
qz qz
where J@ is the Fresnel coefficient; g | and g, stand for the horizontal and vertical component
of the scattering vector g = (g ,9z); Ppay(s) is the probability density function of the mean
square slope of the sea surface.
osppm is computed as [56]

2
OspM = 8’k2 cos 0; cos 6551%‘ S(2ksin 6;, @; 7, Urp) 7)

where k is the wave number of the incident signal; 0; and 0, are the incident angle and
the scattering angle, respectively; S(2ksin 6;, ¢; ,,, Ujp) is the unified directional spectrum
of the ocean surface, which can be obtained by using Elfouhaily spectrum; ¢; ,, is the
azimuthal angle of the incident signal relative to the wind vector; Uy is the wind speed.
The delay waveform of the coastal reflected signals could be generated according to
the above-mentioned Z-V model based on the coastal GNSS-R altimetry geometry and GPS
satellite parameters. Then, the time delay of the reflected signal relative to the direct signal
is estimated by the delay waveform using the above-mentioned single-point tracking
algorithm. Finally, the height can be retrieved according to Equation (2). The heights
of the coastal receiver relative to the sea surface versus the elevation angle for different
wind speeds and signals (L1 C/A and L5) are shown in Figure 2, where the true height
is 24.5 m. It can be seen that both wind speed and elevation angle have an influence on
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the height retrieved using MAX and DER methods. The height retrieval is heavily affected
by elevation angle rather than wind speed; the retrieved height increases as the elevation
angle increases. When the elevation angle is large, the retrieved height gradually becomes
stable. When the elevation angle is increased to 75°, there is still a deviation between
the retrieved height and the true height, which is called a fixed deviation in this paper.
Furthermore, the DER method is more sensitive to elevation angle than the MAX method.
For different signals, the elevation angle influence on the height retrieval for GPS L5 signal
is less than GPS L1 C/A signal, and the height retrieved using GPS L5 signal is closer to
the true height due to its higher bandwidth. For GPS L1 C/A signal and GPS L5 signal,
there are deviations in the heights retrieved using the same single-point tracking algorithm,
which is caused by the different bandwidths. Moreover, the height retrieved using the
MAX is higher than the true height, which is due to the existence of incoherent scattering.
The peak power point is the true specular point when the fully coherent scattering occurs,
such as the pure specular reflection. When the reflecting surface is rough, the GNSS-R
waveform is deformed because of incoherent scattering. The peak power point will expand
backward. Therefore, the delay obtained from MAX will be greater than the actual delay.
The DER method would underestimate the antenna height since it is at the delay waveform

leading edge.
N 3m/s B Sm/s 10m/s N 15m/s 20m/s — .1 C/A -5 m— Truc
(a) MAX (b) DER

e 1A ]
45 46 47 4% 49 50

i i i i i i i i i A TSNt S SE RSN RSN TRRRUE R URRET RRRURE TRNRURT.
S 30 35 40 45 50 55 60 65 70 75 25 30 35 40 45 50 55 60 65 70 75
Tlevation angle [°] [levation angle [°]

Figure 2. Curves of the height of coastal receiver relative to the sea surface versus the elevation angle for different wind
speeds and signals, obtained from the Z-V model using the MAX method (a) and the DER method (b) for GPS L1 C/A
signal (solid line) and GPS L5 signal (dotted line). The true height is 24.5 m.

4. Correction of Elevation Angle Influence

As mentioned above, the elevation angle has a significant influence on height retrieval.
In this paper, the elevation angle influence is expressed as follows:

Hr_a: (Hr_h + AH) : y(e) (8)

where H, , is the height of the coastal receiver relative to the sea surface obtained using
MAX or DER method; H, j is the true height; AH is the fixed deviation when the retrieved
height versus the elevation angle gradually becomes stable; y(e) is the function of the
elevation angle influence.

In order to further analyze the elevation angle influence, each of the H, ; curves
(i.e., the data sets corresponding to a single wind speed value) are normalized by their
approximate value at e = 75° in this paper. As an example, the normalized height retrieved
using the DER method for GPS L5 signal for different wind speeds versus elevation angle
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is illustrated in Figure 3 (the blue scatter points). It can be seen that the function of the
elevation angle influence does not vary significantly with wind speed.

1
0:05_Fcseaiieonsnguoeine ..... ...... SH L. RN - S—
= 09}
=, : :
E 085 F---- siTeiaea - ...... ...... ERPRRY RRRPPE SERRY e
= : : . : : : - - :
E e s " -
é 0 O : : : * data
S - ] : : : : .
\‘0 75 Ll s e e i = best fit
g (O ,
0.7 b .".;' --------- RTETE ------ ......... Teeeiidiiadee o
0.65

25 30 35 40 45 30 55 60 65 70 5

Elevation angle [°]

Figure 3. (blue) The normalized height retrieved from the Z-V model using the DER method for GPS
L5 signal for different wind speeds versus elevation angle, with (black) superimposed best-fit power
function. The coefficients are a = —3.769, b = —0.5631, and ¢ = 1.345.

Therefore, in order to obtain a more accurate sea surface height using the single-point
tracking algorithm, the elevation angle influence should be corrected. The function of the
elevation angle influence can be obtained based on the Z-V model, which can be called the
model-driven method. The function of the elevation angle influence is fitted here with a
power-law relationship of the form:

y(e) =ae’ + ¢ )

where g, b, and c are the fitting coefficients, which can be obtained by least-squares fitting;
y(75°) = 1 in this paper because of the normalization, so that, AH = H,_a(75°) — H,_b.
As an example, the best-fit power curve of the height retrieved from the Z-V model using
the DER method for GPS L5 signal are shown in Figure 3 (the black solid line), where the
coefficients of the best-fit power function are a = —3.769, b = —0.5631, and ¢ = 1.345. This
function can be used to model the dependence of the retrieved height on elevation angle.
The same procedure has been applied to the other height retrieved using the single-point
tracking algorithm for GPS signals (L1 C/A and L5) and BDS B1 signals. The fitting
coefficients of the best-fit power curve are different for different single-point tracking
algorithms and GNSS signals. When the height variation range of the coastal receiver
relative to the sea surface is at the meter level, the function of the elevation angle influence
can be considered as the same. Therefore, the meter-level tide has less influence on the
correction of elevation angle influence.

When the function of the elevation angle influence is obtained by the best-fit power
curve, the height of the coastal receiver relative to the sea surface after correcting the
elevation angle influence can be expressed as follows:

. Hy 4
B =350

The correction accuracy of the model-driven method above is closely related to the
accuracy of the theoretical scattering model. The signal generated by the theoretical
scattering model is difficult to be completely consistent with the reflected signal received
in the experiment due to the error of the theoretical model and equipment. Therefore, the
best-fit power curve closer to the field experiment should be obtained to better correct

— AH (10)
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Google Earth «

the elevation angle influence. Compared to the model-driven method, the function of the
elevation angle influence can also be empirically derived from a large collocation study
between observed measurements and independent estimates made by the tide gauge,
which can be called data-driven function correction. That is, the function of the elevation
angle influence is fitted using the observed normalized height and the corresponding true
height. The data-driven function correction is a commonly used method for retrieval [57]
and can get the function of the elevation angle influence closer to the field experiment,
where the influence of the instrument is also taken into account.

5. Field Experiment
5.1. Site Description
5.1.1. GPS-R Ocean Altimetry

The experiment was conducted at a wharf (38.154° N, 119.066° E) in Dongying,
Shandong Peninsula, East China, from 28 October to 2 November 2020, from 12:00 to 16:00
every day. The aerial image of the experimental site is shown in Figure 4a, provided by
Google Earth. The experimental platform is located at the Bohai Sea, about 8.6 km away
from the coast. There are no obstacles around the experimental site, which effectively
avoids receiving multipath signals from rocks and small islands. Therefore, compared with
the coast, the platform is more suitable for the coastal GNSS-R ocean altimetry experiment.

(a) (b)

LHCP L1 Antenna

\

Experimental Platform

Figure 4. GNSS-R experiment setup at Dongying, China. (a) Aerial image (Google Earth) of the experimental site. (b)
Photograph of the side-looking LHCP antennas, including the GPS L1 antenna and GPS L5 antenna.

Two RHCP L1/L5 GPS antennas in the zenith direction are used to receive the direct
signals. An LHCP L1 GPS antenna and an LHCP L5 GPS antenna tilted with an azimuth
angle of 65° and an elevation angle of 45° toward the sea surface are used to receive the
reflected signals, illustrated in Figure 4b. The antennas are installed on the wharf with an
approximate height of 24.5 m above sea level.

5.1.2. BDS-R Ocean Altimetry

The experiment was conducted at the marine environmental monitoring station
(36.059° N, 120.437° E) in Qingdao, Shandong Peninsula, East China, on 3 August 2018,
from 10:15 to 21:51. The aerial image of the experimental site is shown in Figure 5a, pro-
vided by Google Earth. The experimental platform is located on a small island in the
Huanghai Sea.

An RHCP B1 BDS antenna in the zenith direction is used to receive the direct signals.
An LHCP B1 BDS antenna tilted with an azimuth angle of 155° and an elevation angle of
45° toward the sea surface is used to receive the reflected signals, illustrated in Figure 5b.
The antennas are installed on the wharf with an approximate height of 13 m above sea level.
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Google Earth

Experimental Platform

Figure 5. GNSS-R experiment setup at Qingdao, China. (a) Aerial image (Google Earth) of the experimental site. (b) Photo-
graph of the side-looking LHCP antenna and RHCP antenna.

5.2. Data

The raw intermediate frequency (IF) samples data of GPS-R ocean altimetry were
collected during the experiment campaign using the four-channel high-frequency signal
digital collector with a sampling rate of 62.0 MHz and a quantization resolution of 8 bits
for both direct and reflected channels. A total of 260 sets of raw IF data were collected, and
the collection time for each set was 1 min.

The raw IF samples data of BDS-R ocean altimetry were collected during the ex-
periment campaign using the two-channel high-frequency signal digital collector with a
sampling rate of 16.369 MHz and a quantization resolution of 2 bits for both direct and
reflected channels. A total of 465 sets of raw IF data were collected, and the collection time
for each set was 1 min.

The raw IF data sets are processed by the software receiver, which consists of close-
loop processing of the direct signals and open-loop processing of the reflected signals. The
main processed datasets used in our coastal GNSS-R ocean altimetry include the following
two parts.

(1) The delay waveforms of the direct signals and the reflected signals: The delay
waveforms are obtained using a 1-ms coherent integration time and 55,000 times incoherent
integration to reduce noise. The code delay resolution of GPS-R and BDS-R is about
1.61 x 1078 and 6.11 x 10~% s, corresponding to 4.84 and 18.33 m in ranging resolution,
respectively. The examples of the direct and reflected delay waveforms for GPS-R (L1 C/A
signals and L5 signals) and BDS-R B1 signals are presented in Figure 6. It can be seen that
the complete delay waveforms of GPS L5 signals are narrower than that of GPSL1 C/A
signals and BDS-R B1 signals. The narrower autocorrelation function of the GPS L5 signals
can help physically eliminate the mutual radio frequency interference between the direct
signals and the reflected signals, as shown in Figure 6b, which can improve the precision
of code delay estimation, especially when the height of GNSS-R receiver relative to the
sea surface is low, such as the coastal GNSS-R altimetry. In order to increase the ranging
resolution, the cubic spline interpolation is used to increase the delay sampling rate.

(2) The ancillary information of satellite: including the azimuth angle and elevation
angle of the GNSS transmitters, position and time information. They can be extracted from
the GNSS precise ephemeris files and the raw IF metadata.

(3) The reference sea surface height data: For comparison and validation of the GNSS-
R altimetry results, data from a nearby tide gauge is used. The maximum amplitude of the
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Power [a.u.]

sea-level change caused by the tide is about 10 cm and 3 m throughout the data collection
campaign of GPS-R and BDS-R, respectively.
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Figure 6. Examples of the measured delay waveforms, before interpolation, of (a) GPS L1 C/A signals, (b) GPS L5 signals,
and (c) BDS B1 signals. The delay waveforms of GPS and BDS are generated from the raw data collected at 14:57 on 30
October 2020 and 11:10 on 3 August 2018, respectively. The signals are transmitted by GPS PRN 24 satellite with an elevation
angle of 49.72° and BDS PRN 01 satellite with an elevation angle of 44.58°.

In the process of data analysis, it was found that the backward scattered GNSS signals
can also be successfully received and processed. However, the backward scattered GNSS
signals cannot be used to retrieve the sea surface height by the method mentioned in
Section 2. Therefore, in order to ensure the specular forward geometry, the forward
scattered signals, whose specular reflection point is located in the main beam of the down-
looking antenna, are selected for altimetry. The corresponding limits of the azimuth angle
and elevation angle for GPS-R are set from 40 to 90° and 25 to 75°, respectively. The
corresponding limits of the azimuth angle and elevation angle for BDS-R are set from 110
to 200° and 25 to 75°, respectively.

6. Ocean Altimetry Performance Analysis
6.1. GPS-R Ocean Altimetry

The performance of the above-mentioned GNSS-R ocean altimetry method is assessed
by using the GPS-R experimental data set as described in Section 5. Figure 7 shows the first
ocean altimetry experiment results throughout the data collection campaign for GPS-R,
where Figure 7a,b is the height of the coastal receiver relative to the sea surface obtained
according to Equation (2). From Figure 7, it is obvious that the elevation angle has an
influence on the height retrieval, and this effect is much larger than the variation amplitude
of the sea surface height (about 10 cm). Furthermore, the elevation angle influence of
the GPS L1 C/A signal is greater than that of the GPS L5 signal, and the elevation angle
influence of the DER method is greater than that of the MAX method, which is consistent
with the conclusion of the Z-V model analysis. Therefore, the elevation angle influence
should be corrected to obtain a more accurate sea surface height using the single-point
tracking algorithm.

Figure 8 shows the H, ;, throughout the data collection campaign, where the correction
of elevation angle influence has been now implemented through the use of the best-fit
power curve. The fitting coefficients have been obtained using the model-driven method by
establishing a simulation scene consistent with the field experiment. It can be seen that the
elevation angle influence has been corrected to a certain extent. However, the dependence
on the elevation angle has not been completely eliminated. In particular, the correction
effect of the elevation angle influence is poor when the elevation angle is low, which is
especially obvious for the DER method. This is because the Z-V model used cannot fully
recover the real reflected signal, especially the Kirchhoff approximation in a geometric
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optics limit would produce an incorrect result in the case of weak diffuse scattering or in
the presence of coherent reflection. A weak diffuse scattering scenario would occur on the
ocean surface when the elevation angle is low. What is more, there still are some offsets
after correction using the model-driven method, especially for the GPS L5 signal, which is
because of model errors.
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Figure 7. Scatter plot of the first ocean altimetry results obtained using the above-mentioned GNSS-R ocean altimetry

method. (a,b) are the height of the coastal receiver relative to the sea surface obtained using different signals and types of
the characteristic points, according to Equation (2).
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Figure 8. Scatter plot of the ocean altimetry results obtained after correction of the elevation angle influence using the

model-driven function, according to Equation (7). (a,b) are the height of the coastal receiver relative to the sea surface

obtained using different signals and types of characteristic points.

In order to evaluate the performance of the data-driven method, the training and
testing datasets are randomly split as 50% and 50% of the whole dataset (the first ocean
altimetry results and reference data), respectively, which is similar to the deep learning or
artificial neural networks. The training dataset is used to empirically derive the best-fit
power curves of the normalized height versus the elevation angle. The testing dataset is
used to assess the performance of the data-driven function correction for elevation angle
influence. An illustration of the scatterplot of the height after the data-driven function
correction versus the reference data is shown in Figure 9. It can be seen that the dependence
on the elevation angle has been largely eliminated. The correction effect of the data-driven
method is better than the correction effect of the model-driven method, which is in line
with the previous expectations.
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Figure 9. Scatter plot of the ocean altimetry results obtained after correction of elevation angle influence using the data-

driven function. (a,b) are the height of the coastal receiver relative to the sea surface obtained using different signals and
types of characteristic points.

From Figures 8 and 9, we can find that both the model-driven method and the data-
driven method can correct the elevation angle influence. In order to assess the performance
of the two methods, the mean bias and root-mean-square error (RMSE) differences were
calculated. The values are given in Table 1. The higher altimetry precision can be obtained
using the MAX method rather than the DER method for this coastal GPS-R ocean altimetry
experiment due to the different sensitivity of elevation angle influence. The correction
of elevation angle influence can improve the height retrieval results for both the MAX
and DER methods, as well as GPS L1 C/A and L5 signals. The improvement of the DER
method and GPS L5 signal is more significant. The height retrieval results corrected by the
data-driven method are better than the model-driven method. The RMSE of the GPS L1
C/ A signal can be improved to the meter level. The RMSE of the GPS L5 signal can achieve
decimeter level (less than 4 decimeters) after the correction of elevation angle influence. It
is worth noting that, because of the small amount of data, the above altimetry results of the
field experiment have not been processed by smoothing over time.

Table 1. Altimetry precision obtained using different correction methods for different signals and
types of characteristic points.

Model- Data-Driven
Method Uncorrected Driven Method
Method
MAX 3.4405 1.6319 0.9808
RMSE (m) GPSL1C/A DER 27.3727 5.3534 3.0583
m PS5 MAX 2.7319 0.8106 0.3106
DER 5.3092 0.9058 0.3623
MAX 3.0678 —0.0966 0.2630
Miean Bias (m) GPSLLC/A DER ~26.0085 —3.4421 ~0.4096
ean blas J— MAX 2.6758 ~0.6992 ~0.0120
DER —4.7703 ~0.6104 ~0.0890

6.2. BDS-R Ocean Altimetry

The performance of the above-mentioned GNSS-R ocean altimetry method is assessed
by using the BDS-R experimental data set as described in Section 5. Signals from mul-
tiple BDS satellites were collected during the experiment, including geostationary earth
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orbit (GEO), middle earth orbit (MEO), and inclined geosynchronous orbit (IGSO). The
corresponding elevation angles of BDS satellites are illustrated in Figure 10.

2 «2-C01 GEO

80 -e-C03 GEO

- -+ C04 GEO
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Time
Figure 10. Scatter plot of the elevation angles obtained using the precise ephemeris of the BDS satellites.

6.2.1. BDS-R Ocean Altimetry Based on GEO

During the experiment, the elevation angles of GEO change slightly, ranging from 1 to
3°. Therefore, the elevation angle influence could be ignored, that is, y(e) = 1. Figure 11
shows the SSH results throughout the data collection campaign for BDS-R obtained using
BDS GEO signals, according to Equation (3). The mean bias and RMSE of MAX and DER
are given in Table 2. The SSH retrieved by BDS GEO has the same trend as the true SSH,
which means that it can detect sea tide changes. BDS-R ocean altimetry based on GEO could
obtain the same level of altimetry precision as the GPS L1 signal based on the correction of
elevation angle influence.

(a) MAX (b) DER

T T 0
9e2iCOllI ‘SSRC03 (SNG4 sre(G01 ‘e=esiC03 feerC04
SSHG1T.=—ATG ' ' BAC1T i =—=NTG g
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Time Time

Figure 11. Scatter plot of the SSH results obtained using the above-mentioned GNSS-R ocean altimetry method for BDS
GEO signals.

Table 2. Altimetry precision obtained using BDS GEO for different types of characteristic points.

GEO PRN Co1 Co3 Co4 C17
Method MAX DER MAX DER MAX DER MAX DER
RMSE (m) 0.9858 0.9576 1.3381 2.1656 0.7328 1.4334 0.9076 0.8633

Mean Bias (m) —0.2071 0.2518 0.1478 0.1876 0.0331 0.2390 —0.0056 —0.2283




Remote Sens. 2021, 13, 2978

14 of 19

6.2.2. BDS-R Ocean Altimetry Based on MEO/IGSO

As shown in Figure 10, the elevation angle of MEO/IGSO is constantly changing,
so the BDS-R ocean altimetry based on MEO/IGSO needs to correct the elevation angle
influence. Compared with GPS-R, the SSH of BDS-R had a larger variation during the
experiment, about 3 m. Therefore, in order to show the elevation angle influence on BDS-
R altimetry for MEO/IGSO more intuitively, Figure 12 shows the first ocean altimetry
experiment results throughout the data collection campaign for BDS-R MEO/IGSO, where
Figure 12a,b is the height of coastal receiver relative to the reference surface obtained
according to Equation (3). Similar to GPS-R altimetry, the elevation angle has an influence
on the BDS-R ocean altimetry based on MEO/IGSO, especially for the DER method. Due to
the lower sampling rate of the two-channel high-frequency signal digital collector, the error
of the cubic spline interpolation is relatively large, and the altimetry results have a higher
degree of dispersion. Specifically, the dispersion of altimetry results for a high elevation
angle is greater, which is affected by the rocks near the front of the experimental platform.
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Figure 12. Scatter plot of the first ocean altimetry results obtained using the above-mentioned GNSS-R ocean altimetry

method. (a,b) are the height of the coastal receiver relative to the reference surface obtained using BDS MEO/IGSO signals,

according to Equation (3).

According to the results of GPS-R altimetry in Section 6.1, the height retrieval results
corrected by the data-driven method are better than the model-driven method. The data-
driven method was chosen to evaluate its correction performance for BDS-R altimetry.
Figure 13 illustrates the scatterplot of the height after the data-driven function correction
versus the reference data. Table 3 shows the altimetry precision of MEO/IGSO before and
after the elevation angle correction. It can be seen that the dependence on the elevation
angle has been largely eliminated, which is similar to the results of GPS-R. The RMSE
of the BDS B1 signal can be improved to the meter level. The SSH results retrieved by
BDS MEO/IGSO signals after correction of elevation angle influence using the data-driven
function are illustrated in Figure 14. The SSH has the same trend as the true SSH, which
is similar to GEO. Since the correction cannot completely eliminate the elevation angle
influence, the MEO/IGSO altimetry precision after the elevation angle correction is still
slightly lower than that of GEO. However, compared with GEO, the coastal BDS-R ocean
altimetry based on MEO/IGSO has a wider range of application scenarios due to flexible
installation. What is more, the smoothing for a longer time, such as smoothing within
15 min before and after the measurement time, can also increase the altimetry precision,
which will be investigated in future work.
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Figure 13. Scatter plot of the ocean altimetry results obtained after correction of elevation angle influence using the data-
driven function. (a,b) are the height of the coastal receiver relative to the reference surface obtained using BDS MEO/IGSO

for different types of characteristic points.

Table 3. Altimetry precision obtained using BDS MEO/IGSO for different types of characteris-

tic points.

Uncorrected Data-Driven Method
Method MAX DER MAX DER
RMSE (m) 5.7104 36.9424 1.8938 2.2521
Mean Bias (m) 5.2949 —35.5828 0.0651 0.2032
(a) MAX (b) DER
10 T T T T 10
® MEO/IGSO ® MEO/IGSO

SSH [m]

SSH [m]

20:00 22:00

i i 5 i i i i
18:00 20:00  22:00 10:00 12:00 14:00 16:00 18:00

16:00
i Time

Time

000 1200 14:00
Figure 14. Scatter plot of the ocean altimetry results obtained after correction of elevation angle
influence using the data-driven function. (a,b) are the height of the coastal receiver relative to the sea

surface obtained using different signals and types of characteristic points.

7. Discussion

There is a range of different instruments that can be used to monitor the sea surface
height, such as acoustic gauges, pressure gauges, and radar gauges. Different methods
have different advantages and applicable conditions, depending on the corresponding
equipment cost, installation environment, and service life, etc. The pressure gauge may drift
over time. An acoustic gauge has certain requirements for the installation’s geographical
environment. A radar gauge is more expensive and has a higher power consumption.
GNSS-R, an emerging earth remote sensing technology, can also measure the sea surface
height. Compared to traditional gauges, GNSS-R has a low-power usage because no
transmitter is required. GNSS-R could also provide higher temporal and spatial resolution
observation results through a large number of GNSS satellites. The GNSS-I/MR processes
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and analyzes the GNSS reflected signal from the sea surface to retrieve the height of the
antenna above the sea surface. The receiver does not require special modification and
does not require a second antenna facing the sea surface. Therefore, it can use existing
reference station receiver data, which may be cheaper than the cGNSS-R. However, only
the SNR data of GNSS satellites with low elevation angles could be used. The temporal
resolution is lower than the cGNSS-R. The roughness of the sea surface and the height of
the antenna could also limit the GNSS-1/MR method. The code-based cGNSS-R is noisier
than GNSS-IR or carrier-based method, and its power is lower, so it can work stably for
a long time with a simple solar power panel. Therefore, the code-based cGNSS-R has a
wider range of applications.

This paper has investigated the influence of elevation angle on coastal GNSS-R ocean
code-based altimetry for GPS signals (L1 C/A and L5) and BDS B1 signals. The single-
point tracking algorithm was used to estimate the time delay of the reflected signal relative
to the direct signal, and two types of the characteristic points were used, including the
MAX and DER. The MAX and DER methods overestimate and underestimate the antenna
height, respectively, because of the existence of incoherent components and the different
locations of the feature points. In order to evaluate the elevation angle influence, two
coastal altimetry experiments were carried out at the wharf in Dongying from 28 October to
2 November 2020 for GPS-R, and the marine environmental monitoring station in Qingdao,
on 3 August 2018, from 10:15 to 21:51 for BDS-R. Theoretical and experimental results show
that the height retrieved using MAX and DER methods is significantly sensitive to the
elevation angle, and the DER method is more sensitive to elevation angle than the MAX
method. Therefore, the elevation angle influence should be corrected to improve the ocean
altimetry precision.

The model-driven method and the data-driven method were respectively proposed to
correct the elevation angle influence for GPS-R altimetry. The results showed that through
the correction using the proposed methods, the mean bias and RMSE of the retrieved
height could be reduced. The data-driven method could get a higher altimetry precision
because the data-driven function correction of the elevation angle influence is closer to the
field experiment. The altimetry precision of the GPS L5 signal was higher than that of the
GPS L1 C/A signal and BDS B1 signal because of its higher chipping rate. The data-driven
method was proposed to correct the elevation angle influence for BDS-R altimetry based
on MEO/IGSO. The altimetry precision, similar to that of GPS L1 C/A signal and BDS
GEO, was obtained.

8. Conclusions

The elevation angle influence on coastal GNSS-R ocean code-based altimetry has
been investigated, and the corresponding correction method was presented. The elevation
angle influence could be corrected by two correction methods, the model-driven method
and the data-driven method. Compared with elevation angle, wind speed and wind
direction also have a slight modulating effect on the height retrieved using the code-based
method. However, the variation of ocean wind speed and wind direction during the field
experiment is small, which cannot support the study of wind speed and wind direction
influence. Therefore, the correction of wind speed and wind direction influence can also
improve the coastal GNSS-R ocean code-based altimetry. Therefore, future improvements
to the coastal ocean altimetry method will focus on the correction of wind speed and wind
direction influence. More long-term stable experiments for different wind speeds and wind
directions will be worked to assess the performance of wind speed and wind direction
influence and smoothing over time. The elevation angle influence and the corresponding
correction method of GNSS-R ocean code-based altimetry for different altitude platforms
and different locations may be different. Future research on elevation angle influence on
GNSS-R ocean altimetry will also focus on the different altitude platforms, such as airborne
and spaceborne platforms, and different locations.
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