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Abstract—Chinese BeiDou Navigation Satellite System (BDS)
as a mixed constellation consists of not only medium earth orbit
(MEO) satellites but also inclined geosynchronous orbit and geo-
stationary earth orbit (GEQ) satellites, of which the GEO satellites
remain visible and stationary in the Asia—Pacific region almost
all the time so as to better ensure the reflected signals stability
and continuity, compared to using only MEO satellites in previous
Global Navigation Satellite Systems Reflectometry remote sensing
research. This article demonstrates ocean altimetry capability us-
ing reflected signals from BDS GEO satellite with coastal experi-
ments conducted in Weihai, Shandong, China, on July 6 and July
9, 2019. By using only one GEO satellite, the precision of delay
Doppler map and phase altimetry is up to decimeter (close to
millimeter) level. And the results show that BDS GEO-R technique
can be used to monitor small changes in ocean altimetry with high
temporal resolution.

Index Terms—Beidou Navigation Satellite System (BDS),
delay Doppler map (DDM), Global Navigation Satellite Systems
Reflectometry (GNSS-R), ocean altimetry, phase delay.

I. INTRODUCTION

UMAN activities such as shipping, ports, and fisheries
H are influenced by sea-level change, and sea-level rise is
considered to be one of the consequences of global warming,
and therefore, the measurement of its change is essential. Tide
gauges have been commonly used for relative sea-level mea-
surement [1]. However, this technique is affected by vertical
movements of the ground such as glacial isostatic adjustment,
coseismic and postseismic deformation, and land subsidence,
which is corrected by Global Navigation Satellite Systems
(GNSS) receivers later [2]. With the development of satellite
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technology, satellite radar altimetry technology has been applied
to real-time monitoring of sea level. But in near-shore areas,
satellite radar altimetry has poor precision due to the influ-
ence of the complex and volatile ocean environment. In 1993,
Martin-Neira first proposed the Global Navigation Satellite Sys-
tems Reflectometry (GNSS-R) technology for ocean altimetry
application [3]. And then, GNSS-R technology has attracted
widespread attention for its low-cost, all-weather, and all-day
global observation capabilities. In the following 20 years, many
GNSS-R altimetry experiments were performed on the ground,
airborne, and spaceborne platforms [4]-[9].

There are three ground-based GNSS-R methods to retrieve sea
surface height (SSH): signal-to-noise ratio (SNR) method [10],
[11], code delay method, and phase delay method [12], [13]. The
SNR method altimetry setup contains only one GNSS receiver,
which measures the surface height through the SNR evolution
with the elevation angle of the GNSS satellite. The surface height
can be also measured through the time delay between the direct
and the reflected signal, which can be derived from both the
ranging code (known as code delay or group delay) and the
carrier phase (known as phase delay) of the received signals. The
code/phase delay methods generally use two antennas to receive
direct and reflected signals, respectively [14]. The precision of
phase delay method reaches centimeter level [15]-[17], whereas
limited by the chip length and the receiver chip resolution,
the precision of code delay method only reaches meter level
depending on the temporal resolution [18]—[21].

The current GNSS-R altimetry research mostly uses reflected
signals from global positioning system (GPS) satellites constel-
lation, which is composed of only medium earth orbit (MEO)
satellites with relatively rapid speed and short visible time over
the ground. By contrast, geostationary earth orbit (GEO) satel-
lites in BeiDou Navigation Satellite System (BDS) are nearly
stationary relative to the earth’s surface. They can provide long-
term stable specular point geometry and signal propagation paths
for GNSS-R observations [22]. Recent studies have demon-
strated the capability of sea surface altimetry using BDS-R
altimetry technology with a limited amount of data [12], [23],
[24]. However, the root-mean-square error (RMSE) between
estimation results and measurements is decimeter level, still
possible to be improved. And further GNSS-R SSH estimation
research is needed to consolidate this concept and to understand
its performance.

In order to verify the altimetry precision using one single
BDS GEO satellite, we conducted experiments to receive the
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Fig. 1. Ground-based GNSS-R relative SSH estimation geometric relation-
ship. H is the relative SSH. C'; and C'z are the phase centers of the RHCP and
LHCP antennas. C' is the mirror point of the LHCP antenna phase center. R is
the specular point.

B1I reflected signals of BDS GEO satellite on July 6 and 9,
2019 (Beijing Time) in Weihai, Shandong Province, China. Our
receiver is geared toward a wider range of applications. It not
only outputs a pair of delay Doppler maps (DDMs) of direct
and reflected signals every second but also outputs the in-phase
and quadrature (I/Q) data of direct and reflected signals at a fre-
quency of 1000 Hz. DDMs and I/Q data can be directly applied
to sea state inversion. In this article, the relative SSH is derived
by the code delay method using DDMs and the phase delay
method using I/Q data. To further verify the influence of sea
surface conditions on the relative SSH estimation by one BDS
GEO satellite, we also conducted wind speed measurement.
The rest of this article is organized as follows. Section Il intro-
duces the GNSS-R relative SSH estimation method. Section III
describes the experimental details, including the experimental
site, equipment, data, and processing procedures. Section IV
illustrates the relative SSH estimation results and further intro-
duces a discussion. Finally, Section V concludes this article.

II. METHODS

Fig. 1 presents the geometry of a typical coastal GNSS-R
setup with the solid green line indicating the path of the direct
signal and the solid yellow line for the reflected signal path. As
the GNSS satellites are far away (e.g., >20 000 km for the GNSS
MEO satellites and 36 000 km for the GNSS GEO satellites)
from earth’s surface, it can be assumed that the path of the direct
signal and path of the incident signal are nearly parallel in this
coastal setup.

H is the vertical distance from the sea surface to the left-hand
circular polarization (LHCP) antenna, defined as relative SSH.
0 is the incident angle. C'; and C'5 are the phase centers of the
right-hand circular polarization (RHCP) and LHCP antennas. R
represents the specular point. The path difference between the

5551

direct signal and the reflected signal is defined as
D =AC = AB + BR + RCy (1)

where AB is the projected length of C'; Cs on the path of the
direct signal

ABZClcg'eAB. (2)

The relationship between the relative SSH and the path differ-
ence D can be obtained as

D - AB

H=——. 3
2cos(6) )
D is estimated through the delay difference between the direct

and reflected signal. Similar to traditional GNSS positioning, D
is affected by various factors, including the phase center errors of
the antennas ¢ p¢, carrier phase wind-up epwy [25], troposphere
and ionospheric delay difference erop, €10n0 between reflected
and direct signals, and observation noise €, etc. Dis expressed
as

ﬁ =AC + gpc +epwu + ETrop + €1on0 + €. 4)

For a GNSS receiver on the earth surface receiving forward
scattering signals, it can be assumed that the ionospheric and
tropospheric delay differences between the direct and reflected
signals are identical. Therefore, when we estimate the path
difference D between the direct and reflected signals, the delay
differences in the troposphere and ionosphere can be eliminated.
Related to the positions of transmitting antenna and receiving
antenna, antenna phase center error € pc is composed of phase
center variation epcy and phase center offset epco

Epc = E€pcy + €pCO- (5)

The phase center offset epco is generally a fixed value and
could be eliminated in relative SSH estimation. The phase center
variation epcy is usually within 1 cm not considered in this
article. The phase wind-up error epwy can be ignored because
of hardly relative movement between GEO satellite and our
ground-based receiver platform.

In this article, we apply two methods, i.e., code delay method
and the phase delay method, to estimate the relative SSH. After
that, once the absolute height of the ground is obtained by
a certain method, for example, precise point positioning, we
can calculate the absolute SSH. However, we only discuss the
relative SSH in this article.

A. Code Delay Method

DDM is the fundamental observation for spaceborne GNSS-
R. It represents the distribution of signal power in the reflector
of the earth surface. Currently, DDM is used to retrieve sea
surface wind speed, detect sea ice concentration and oil slick
presence [26]-[29]. In 2000, Zavorotny and Voronovich [30]
proposed the method for calculating DDM, which is expressed
by the following formula after modification:

<|Y(7- AP > PthA2T2 // G N (T

R2R2 )OdA (6)
t
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Fig.2. Process of the code delay method to obtain D. The DDMs in this figure
are derived from the measured data.

where (|Y (7, f)|?) is the power on the DDM at 7 code delay
and f Doppler shift, P, and G, are the transmitting power and
gain of the GNSS transmitter antenna, A is the wavelength of
the GNSS electromagnetic wave, T; is the coherent integration
time, G, is the gain of the receiver antenna, A(7) is GNSS signal
spreading function in delay, S(f) is the frequency response of
the GNSS signal, R; and R, are the distances from the sea
surface scattering point (x, y) to the GNSS transmitter antenna
and the GNSS-R receiver antenna, o°° is the sea surface scattering
coefficient, and A is the integration area.

Analogous to positioning, the code delay can be obtained
by calculating the peak offset between the direct and reflected
DDMs. The code delay precision depends on the bandwidth
of the signal. The bandwidth of BDS B1I code is 2.046 MHz,
which is twice wider than GPS C/A code, implying a better
range precision. In order to increase the ranging resolution, we
use cubic spline interpolation to make the delay sampling rate
change from 10 to 10 kHz.

Fig. 2 describes the process of the code delay method. First,
we find the columns (the yellow line) where the maximums
of direct DDM and reflected DDM are located. Then we use
cubic spline interpolation for these two columns to increase
their ranging resolution. Finally, we search for the code delays
corresponding to the maximums of the two columns, calculate
difference between the two code delays, and obtain the spatial
path difference D between the direct and reflected signals to
estimate the relative SSH by (3).

B. Phase Delay Method

Considering that the code delay method is limited by the
bandwidth of the transmitted signal, we also use another phase
delay method to estimate relative SSH. The scattered electro-
magnetic waves on the rough sea surface include the coherent
and incoherent components. As sea surface roughness increases,
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the coherent components gradually decrease. Ocean waves,
including wind waves and swell waves, will have an effect on
the coherent components. When the coherent components of
the reflected signal are strong enough, the carrier phase of the
coherent components can be used to estimate the relative SSH.

In this experiment, the I/Q components of the direct and re-
flected signals are output by our GNSS-R receiver. In traditional
GNSS receiver navigation data are demodulated from I/Q data.
It is similar to the process of direct signals in our receiver. Once
the receiver obtains the navigation data from the direct signals,
it directly corrects I/Q data of the reflected signals to remove the
navigation data. So that the output I/Q data of the receiver only
retains the carrier.

According to [13], the coherent components phase used to
estimate the relative SSH changes continuously in [—7, 7]. Once
the phases are distributed in the four quadrants of the complex
plane continuously and uniformly, the coherent components
are sufficient to estimate SSH. Because the relative position
between the GEO satellite and the receiving antenna is almost
constant and the signals have little Doppler shift. There is a
strong coherence between the direct and reflected signals of
BDS GEO satellites that brings great advantage for the relative
SSH estimation. Furthermore, paper [31] explains that the wind
and wave requirements to enable sufficient coherence appear to
be below 6 m/s wind and 1.5 m SWH. Our experiments were
conducted under this condition.

During the data processing, we first record H. It consists of
the distance from LHCP antenna center to the ground and the
distance from the ground to the water measured at the beginning
epoch of the experiment. Then we pick out the direct and
reflected signals I/Q data with continuous phase to calculate the
phase differences between the direct and reflected signals. After
eliminating the integer ambiguities of phase differences, we
converted the phase differences to the range changes AD using

AD - Mer—¢D) 7
27
where ¢p and ¢p are the phase of direct and reflected signals
without the integer ambiguities.
According to (3), the changes of the relative SSH AH are
obtained from AD. Then, the relative SSH is obtained by

H=Hy+ AH. ®)

C. Assessment Method

In order to assess the bias and stability of the GNSS-R
relative SSH estimation, we used three indicators: the mean bias
§, the standard deviation o (Std), and the RMSE, which are
demonstrated as

B A N
6:N;(Hi_Hi):N;§i )
1 N -
0= %\, >, 6 —0) (10)
1 N
RMSE = /> & (11)
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Fig. 3. Experimental site is on a trestle about 113 m away from the sea with
wide vision and no interference. LHCP and RHCP antennas are erected with the
height of about 4 m on the trestle bridge. The specular point is about 7 m away
from the experimental site. (a) Satellite image of study area. (b) Experimental
scene.

where H; is defined as the measured relative SSH, and H ; 1s the
estimated result of the GNSS-R method.

III. CASE STUDY
A. Study Area

We carried out relative SSH retrieval experiments in Weihai,
Shandong Province (122°2'44.93"” E, 37°32/2.75” N), China.
Weihai is located the east of the Shandong Peninsula, East China
and with sea in the north, east, and south sides. Satellite image
of study area and experimental scene are shown in Fig. 3(a) and
(b). The experimental site is located at the end of a trestle upon
the stable bedrock, about 113 m away from the land, where our
equipment hardly receives the reflected signals from the land.
RHCP and LHCP antennas are set on the bracket with the height
of about 4.0 m from the ground. The RHCP antenna pointed to
the zenith. And the depression angle of the LHCP antenna is
about 40°, the 3-dB beam angle about 92°. The far-range line of
sight will reach the point where is tangent to the surface of the
earth. And the angle between the near-range line of sight and
sea surface is about 86° [see Fig. 3(b)].

B. Instruments

GNSS-R equipment is composed of three parts: antennas,
receiver and bracket. Antennas include RHCP antenna, LHCP
antenna, and navigation antenna. The navigation antenna pro-
vides the positioning information. And the RHCP antenna and

5553

1.561 GHz Gain
90

180

210

240 300

Fig.4. RHCP and LHCP antennas pattern in elevation. In this polar coordinate
system, the polar angle is the elevation angle and the polar radius is the magnitude
of the gain. The blue line is the gain of the LHCP antenna and the orange line is
the gain of the RHCP antenna. The 3-dB beam angle approximately is 92°.

TABLE I
RECEIVER PERFORMANCE PARAMETERS

Parameters Value
Bandwidth (BDS B1)  1561.10 + 20.46MHz
LNA gain 20 dB
Noise figure 1.8 dB
Sampling rate 25 Msps
Bit per sample 4 bits
Operating temperature -40°C to +50°C
Power consumption 18 W
Weight 2 kg
Size 200x140x48 mm

LHCP antenna are exactly the same in structure, which receive
the direct and reflected signals, respectively, by adjusting the
different interfaces. The antenna gain is isotropic in the azimuth
direction and anisotropic in the elevation direction (see Fig. 4).
As the antenna is only a few meters above the sea surface, there
could be direct signals received by the LHCP antenna as well.
But LHCP antenna has a little gain (less than —30 dB) for direct
signals (RHCP).

The RHCP, LHCP, and navigation antennas are connected to
the receiver via radio frequency cables. The receiver is powered
by 12 V dc power supply. When the signals are received by the
antennas, the low-noise amplifier (LNA) in the receiver gains
the signals again. The data are output to the SD card inserted
in the receiver and also the computer by the network cable in
real time. The receiver can receive GPS and BDS signals, and
preferentially output the data with the highest SNR. Table I lists
the receiver performance parameters.

In our study, the signals from BDS PRN 03 satellite showed
the highest SNR. The output data consist of azimuth and el-
evation angle of this satellite, direct and reflected DDMs (see
Fig. 2) using a 1-ms coherent integration time and 1000 times
incoherent integration to reduce noise and I/Q data (see Fig. 5)
without navigation information. DDM has a chip resolution of
0.1 chip and a Doppler resolution of 50 Hz, which are set when
the receiver performs correlation calculations on both the delay
and Doppler of the signals.



5554

| and Q of Direct Signals

I and Q of Reflected Signals
3000 4000

2000
1000
a 0

-1000

-2000

-3000 -4000
-3000-2000-1000 O 1000 2000 3000 -4000  -2000 0 2000 4000
| |

Fig. 5. Output data: I/Q distribution of direct and reflected signals.
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Fig. 6. Changes of the azimuth and elevation of the BDS GEO satellite (PRN

03) during the two experiments. The azimuth of the satellite was about 198.49°
and nearly constant. Elevation angle changed about 1°.

Therefore the code delay resolution is 4.89 x10~% s and
the ranging resolution is 14.65 m. The carrier frequency is
1561.098 MHz and the wavelength is about 19 cm. In addition
to the GNSS-R data, a digital hot wire anemometer whose type
is Smart Sensor AR866A was used to measure the wind speed.
The anemometer is able to measure the wind speed in the range
from O to 30 m/s with precision of 0.1 m/s at 1 Hz sampling rate.

C. Data

The first experiment output data spans from 6:51:56 to
10:10:17, about 3.5 h. The second experiment output data is from
6:35:04 to 11:41:37, about 5 h. The wind speed measurements
are also collected with the anemometer during the GNSS-R data
collections.

The main datasets used in our analysis include the following
six parts.

1) The direct and reflected DDMs have dimensions of 121 x
81, corresponding to £6 delay chips in 0.1 chip increments
and a +2 kHz Doppler frequency with 50 Hz intervals.
Before the data are processed, we use the DDM SNR to
remove abnormal data (for more detail, see Section I1I-D).
Then, we use DDM to compute code delay.

2) Direct and reflected I/Q data: phase differences between
the direct and reflected signals are extracted from the 1/Q
components of the correlation outputs.

3) The azimuth and elevation angles of the BDS GEO satel-
lite PRN 03 are shown in Fig. 6.
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Fig. 7. Wind speed on July 6 and 9, 2019.

4) The relative SSH measurements are used as the reference
data. They consist of the distances from the ground to
sea surface measured every 15 min by a ruler and the
heights of LHCP antenna center (the distance between
LHCP antenna center and ground measured by a laser
ranger). We choose quadratic polynomial to interpolate
the measurements before the assessment.

5) The relative SSH estimation result data will go through a
30-min moving average.

6) Wind speed data (Fig. 7) are utilized to analyze possi-
ble error sources in relative SSH estimation. The wind
speed measurement was subject to data missing due to the
failure of anemometer and we filled these gaps with the
nearest neighbor interpolation. In addition, a 500 s window
moving average was employed to filter out high-frequency
noise in wind speed data.

D. Data Quality Control

Sometimes our experiment was interfered by antenna shaking
violently, an approaching small boat or poor cable connection,
etc. The signal will thus get weak or even lost, and the thermal
noise is flooding DDM. That appeared more frequently in the
initial experiment on July 6. In order to remove abnormal DDMs,
SNR method is adopted (different from the SNR method used
for SSH estimation). The SNR is defined as

SNR = 101g (P]_VN> .

P is the peak power average of 9 x 5 bins near the DDM
center in the 121 x 81 size DDM. N is the average noise power
from near signal-free 10 x 81 bins (the top 10 rows) of DDM
shown in Fig. 2.

The SNR in two experiments is shown in Fig. 10. The reflected
signals DDMs SNR threshold is set to 2 dB empirically. The
directed signals DDMs SNR thresholds are setto 7 dB and — 1 dB

12)
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Relative SSH by two methods on July 9, 2019. (a) and (b) Results of estimation. (c) and (d) Mean bias and standard deviation of estimation within 15 min

before and after the measurement time. (e) and (f) Mean bias and standard deviation of estimation after smoothing within 15 min before and after the measurement
time. (a), (c), and (e) are obtained by code delay method. (b), (d), and (f) are obtained by phase delay method.

for two experiments as reference only. When DDMs SNR is
higher than the threshold, the DDM is considered normal. By
using this criterion about 16% of the total data collected on
July 6 is removed, and about 1% of the aggregate data on July
9 is discarded. On July 6 after about 9:40, the antenna shook
violently and could not point to the sea stably. As a result, the
reflected signals DDMs SNR is close to —40 dB (not shown in
Fig. 10). All the data after 9:40 are discarded.

IV. RESULTS AND DISCUSSION
A. July 6, 2019 Acquisitions

The relative SSH results were derived by the GNSS-R data
from 6:51 to 9:39. The experiment verified the feasibility of the
relative SSH estimation by the two methods. Fig. 9 shows the
first relative SSH results, and the two columns are the results of
the code delay method and the phase delay method, where (a)
and (b) the blue and red points are the relative SSH estimation
results and measurements and the yellow line is a 30-min moving
average of the estimation results.

From Fig. 9(a) and (b), we can find that the relative SSH has
a declining trend of about 1 m, and the relative SSH estimations
by code delay method fluctuate greatly compared with estima-
tions by phase difference. The assessment results of the two

TABLE II
MEAN BIAS, STANDARD DEVIATION, AND RMSE OF RELATIVE SSH
ESTIMATION ON JULY 6 WITH 4—6 M/S WIND SPEED

Method Mean Bias (cm)  Std (cm) RMSE (cm)
Code 17.16 129.49 137.16
Code after smoothing 2.02 11.84 18.18
Phase 0.24 3.80 4.36
Phase after smoothing -0.63 2.63 3.13

methods are shown in Table II. Moving average improves stan-
dard deviation for both methods. The improvement of the mean
bias of the code delay method is also more significant. As a
result, RMSE of the code delay method is improved from meter
level to decimeter level. The RMSE of phase method is stable
at the centimeter level but slightly improved after smoothing.
To analyze the mean biases and standard deviations change
over time of the two methods, we drew Fig. 9(c)—(f), where
each statistic is calculated within 15 min taking the red points in
Fig. 9(a) or (b) as the midpoint. For the code delay method, the
standard deviations fluctuate around 150 cm and up to 200 cm.
After smoothing the mean biases reach centimeter level and
the standard deviations are close to centimeter level. For phase
method, the absolute values of mean biases are generally less
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reflected signals DDMs SNR is close to —40 dB (not shown in this figure). All the data after 9:40 are discarded.

than 3 cm and the standard deviations fluctuate around 3 cm.
After smoothing the mean biases lightly increase at certain times
and the standard deviations decrease by about a half.

Fig. 7(a) shows the wind speed measurement. It is found
that the change of wind speed may affect the relative SSH
estimation: the wind speed decreased slightly from about 7:00
to 7:30, when the mean bias decreased slightly as well; and from
about 7:30 to 8:30 there was an upward trend in the wind speed
and also the mean bias; after 8:50 the wind speed first decreased

and then increased, and so did the mean bias. In addition to the
possible influence of wind speed on the estimation, the residual
errors described by (4) and (5) can also brought errors to the
SSH estimation.

B. July 9, 2019 Acquisitions

The relative SSH results of the second experiment are shown
in Fig. 8(a) and (b) and Table III. The meanings of point colors
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TABLE III
MEAN BIAS, STANDARD DEVIATION, AND RMSE OF RELATIVE SSH
ESTIMATION ON JULY 9 WITH 1-4 M/S WIND SPEED

Method Mean Bias (cm)  Std (cm) RMSE (cm)
Code 9.42 81.49 85.19
Code after smoothing 11.35 343 16.56
Phase 7.41 1.68 8.21
Phase after smoothing 7.39 0.29 7.58

are the same as these in Fig. 9. We can see from about 6:35 to
9:00 the relative SSH gradually increased with low tide. After
about 9:00, the sea water rose and the relative SSH decreased.

Fig. 8(c)—(f) shows the variation of the mean bias and standard
deviation of two methods. The standard deviations of code delay
method fluctuate around 100 cm, compared with only about
1.5 cm of the phase method. After smoothing, the improvement
of standard deviations is noticeable. The standard deviations
are improved to centimeter level for code delay method and
millimeter level for phase method. For the mean biases, moving
average has little effect on the two methods, and there are upward
trends with the magnitude of about 25 cm for the mean bias of
phase method in Fig. 8(d) and (f).

The wind speed measured is shown in Fig. 7(b). It can be seen
that the wind speed shows an increasing tendency during the data
collection. But around 9:45 and 10:45, the wind speed suddenly
decreased. And in Fig. 8(d), the rising tendency of the mean
bias slightly stops around 9:45 and 10:45. It indicates that the
change of wind speed may have a bearing on the SSH estimation.
Further research is needed by subsequent experiments.

Due to the 24 h of orbital periodicity of the BDS GEO satellite,
the satellite position changes of two experiments are similar, and
we ignore the error caused by the relative position change of the
GNSS satellite and the receiver.

C. Discussion

Tables II and III summarize that the standard deviation by
phase delay method is better than the code delay method, and
with no matter which method the standard deviation of the SSH
estimation on July 9 with the wind speed between about 1 and
4 m/s is significantly better than that on July 6 with relatively
larger wind speed. We can thus infer that relatively high wind
speed and large waves may worsen the relative SSH estimation.
Because the effects of electromagnetic bias will increase with
the wind and waves [32]. And the waves will also reduce the
coherent reflected signals [21].

Once the relative SSH estimation is smoothed, the standard
deviations of both the code delay method and the phase delay
method estimation can be further improved. In particular, a
30-min moving average can also weaken the large fluctuation
in the code delay method. Compared with Fig. 10, there is a
slight negative correlation between this fluctuation and reflected
signals DDMs SNR. The fluctuation may be caused by the direct
signals received by the LCHP antenna and is related to the code
noise. But such a fluctuation of no more than 14.65 m (0.1
chip) is acceptable. And in result of the moving average the
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standard deviation of code delay method estimation decreased
from 129.49 to 11.84 cm on July 6, and from 81.49 to 3.43 cm
(centimeter level) on July 9, which is similar to the estimation
by phase delay method using several MEO satellites. So we
believe that the moving average is significantly necessary for
the experiment.

However, the mean bias of relative SSH between GNSS-R
estimation results and measurements on July 9 is larger than
that on July 6 for the phase method. That has a more significant
impact on the RMSE of phase delay method. In general, there are
errors caused by changes in the relative position of the BDS GEO
satellite and receiver, including epco, €pcy, and epwy. In Fig. 6,
the azimuth of the BDS GEO satellite was almost unchanged,
but the elevation angle changed about 1°. Due to the 24-h orbital
periodicity of the BDS GEO satellite, the changes on two days
are similar. The errors caused by the change in the elevation
angle may be the reason for the increase of the mean bias in the
phase method experiment on July 9.

V. CONCLUSION

Our two experiments on July 6 and 9, 2019 in Weihai,
Shandong, China, indicate that one BDS GEO satellite can be
efficiently utilized for continuous observation of GNSS-R and
the relative SSH estimation with high precision as several MEO
satellites.

In altimetry retrieval research by DDM group delay, the
cubic spline interpolation was used to increase the resolution of
the DDM. Compared with the relative SSH measurements, the
standard deviation of code delay method has reached decimeter
level. The best standard deviation is 81.49 cm at low wind
speed (1-4 m/s). However, there is the fluctuation that has a
slightly negative correlation with reflected signals DDMs SNR,
which may be caused by the direct signals received by the LHCP
antenna. After moving average of 30 min, the standard deviation
has been significantly improved to centimeter level and the
RMSE of code delay method also decreased from about 1 m
to below 20 cm.

The altimetry stability of the phase delay method is obviously
better than that by code delay method. Under the 4-6 m/s
wind speed condition the standard deviation of altimetry reaches
centimeter level (less than 4 cm). Under the condition of 1-4 m/s
wind speed the standard deviation of altimetry is better than
2 cm; after moving average of 30 min, the standard deviation
of phase delay method can achieve a millimeter level. However,
RMSE only reached about 8 cm affected by the bias, which,
according to our analysis, may be related to the electromagnetic
bias caused by wind. Therefore, the bias needs further elimi-
nation. And meanwhile, the elevation angle of the BDS GEO
satellite could have a relationship with antenna phase errors,
which needs further investigation as well.

Our next work is to establish a long-term GNSS-R joint
observatory for SSH, SWH, and meteorology to further refine
the error models of GNSS-R SSH estimation, especially the
error caused by antenna phase errors and electromagnetic bias.
At the same time, we will improve SSH estimation by smooth
pseudodistance of the carrier phase and dual-frequency GNSS-R
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observation. Some communication and broadcast satellites are
GEO satellites. We will also try to use these satellites for
shore-based reflected signal altimetry in the future [33], [34].
In addition, GNSS-R tsunami monitoring technology based on
SSH changes can be further developed through the long-term
stable characteristics of GEO BDS-R observation area [35].
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