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Abstract: Sea level monitoring is an essential foundational project for studying global climate change
and the rise in sea levels. Satellite radar altimeters, which can sometimes provide inaccurate sea
surface height data near the coast, are affected by both the instrument itself and geophysical factors.
Buoys equipped with GNSS receivers offer a relatively flexible deployment at sea, allowing for
long-term, high-precision measurements of sea surface heights. When operating at sea, GNSS buoys
undergo complex movements with multiple degrees of freedom. Attitude measurements are a crucial
source of information for understanding the motion state of the buoy at sea, which is related to the
buoy’s stability and reliability during its development. In this study, we designed and deployed
a four-antenna GNSS buoy with both position and attitude measurement capabilities near Jimiya
Wharf in Qingdao, China, to conduct offshore sea surface monitoring activities. The GNSS data were
processed using the Precise Point Positioning (PPK) method to obtain a time series of sea surface
heights, and the accuracy was evaluated using synchronous observation data from a small sea surface
height radar. The difference between the GNSS buoy and the full-time radar was calculated, resulting
in a root-mean-square error (RMSE) of 1.15 cm. Concurrently, the attitude of the GNSS buoy was
calculated using multi-antenna technology, and the vertical elevation of the GNSS buoy antenna
was corrected using the obtained attitude data. The RMSE between the corrected GNSS buoy data
and the high ground radar was 1.12 cm, indicating that the four-antenna GNSS buoy can not only
acquire high-precision coastal sea level data but also achieve synchronous measurement of the buoy’s
attitude. Furthermore, the data accuracy was also improved after the sea level attitude correction.

Keywords: GNSS buoy; sea surface height measurement; multi-antenna GNSS attitude determination;
attitude correction

1. Introduction

The study of sea level changes is one of the important issues of concern in earth science
and climate research today. With the gradual warming of the global climate, many disasters
such as saltwater intrusion and flooding triggered by sea level rise have become an urgent
challenge for the international community, especially for coastal countries and regions [1].
Although sea surface monitoring in most of the sea area can be covered by satellite radar
altimetry [2], satellite altimetry is not able to accurately give the height of the sea surface
in near-shore areas due to factors such as geophysical factors and the response of the
instrument hardware [3,4], resulting in a large monitoring gap area in near-shore areas.
With the gradual development and maturity of GNSS technology, ocean buoys equipped
with GNSS receivers have become an important observation platform in the field of marine
scientific research [5,6]. They are designed to continuously collect marine environmental
information such as changes in the sea surface altitude to support marine forecasting and
marine disaster warning [7,8]. Some scholars have attempted to carry GNSS receivers on
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sea buoys for sea level measurements [9]. In addition, there are also scholars who have
utilized GNSS technology to calibrate satellite altimeters [10,11] and to monitor rivers and
lakes [12,13]. In the last few years, research targeting GNSS buoys has become increasingly
sophisticated, and the effective error of sea level measurements using GNSS technology
can be as low as 1–2 cm compared to tide gauge stations and radar gauges [14,15].

In the marine environment, GNSS buoys will undergo multi-dimensional move-
ments due to the influence of natural forces such as wind, waves, currents, etc. The
accurate acquisition of attitude data is not only a key factor in evaluating the operational
safety and reliability of the buoy and the equipment carried by them, but it is also the
basis of the real-time and accurate calibration of the data collected by the buoy [16,17]. At
present, the attitude measurement methods in the marine environment mainly include
two kinds: inertial navigation technology and GNSS positioning technology [18,19]. In-
ertial Navigation Systems (INSs) with integrated gyroscopes and accelerometers provide
highly accurate, high sampling rate acceleration and angular velocity information in
a short period of time [20,21]. Scholars have already conducted experiments on board
GNSS buoys [22,23]. However, with the accumulation of time, the gyroscope and ac-
celerometer errors gradually accumulated, resulting in a serious shift in the positioning
results, and due to the cost and the size of the buoy’s limitations, this buoy is mostly used
in low-cost Miniature Inertial Measurement Units (MIMUs), is more likely to be affected
by the temperature, vibration, and other factors, and measurements of the accuracy
of the obvious decline is needed to fuse the other sensors to ensure the accuracy of its
measurements [24]. The other method is GNSS-based attitude measurements, where
the GNSS receiver can receive satellite signals to solve the buoy’s position and velocity
information in real time [25]. In the case of carrying three or more GNSS antennas at
the same time, carrier phase positioning techniques can be utilized to achieve highly
accurate attitude measurements, provided that a minimum of five available satellites are
ensured and the full circumferential ambiguity is successfully fixed. This measurement
technology has been widely used in land and marine scenarios and has provided nu-
merous solutions [26]. In addition, the applicability of multi-antenna GNSS technology
on buoy platforms has also been extensively explored, and these explorations have
confirmed the practicality of this technology on buoy platforms [27,28]. In this study,
we designed an ocean buoy capable of carrying four GNSS antennas, and studied the
application potential of multi-antenna GNSS technology in ocean buoys.

2. Methods and Materials
2.1. Multi-Antenna GNSS Buoy Design

The multi-antenna GNSS buoy (Figure 1) as a whole consisted of a buoy top cover,
a buoy body, three small floats, a support frame, and other structures. The main body of
the buoy was an internal hollow metal drum, and the three floats were connected to the
main body of the buoy by three connecting brackets to provide buoyancy support for the
main body of the buoy. The design dimensions of the multi-antenna GNSS buoy are shown
in Table 1. A GNSS antenna can be mounted above the buoy body and each of the three
small floats. The GNSS receiver (Figure 2c) and power supply were installed in the empty
compartment of the buoy body, and the GNSS cable was connected to the external GNSS
antenna through the hole on the top of the buoy, and the hole and antenna connection was
treated with special waterproof adhesive to improve the waterproof performance. A 4G
antenna was mounted on a small platform on top of the buoy body, and the data collected
by the GNSS buoy can be broadcast to the server via the network.
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Table 1. Multi-antenna GNSS buoy design dimensions.

Parameter Parameter Indicators

weight 113.5 kg
Height 946 mm

Main radius 250 mm
Max buoyancy 1747.096 N

Max load 55 kg
Depth of entry at full load 400 mm

Volume of the main body of the buoy 560 mm × 250 mm × 250 mm
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The GNSS receiver was embedded with four UB482 compact high-precision boards
released by Unicore Communications, Inc. (Beijing, China). The boards are cost-effective,
with low power consumption (2.4 W) and provide centimeter-level positioning accuracy,
and can simultaneously collect observations in two frequency bands (GPS L1/L2, BDS
B1I/B2I, GLONASS L1/L2, Galileo E1/E5b) at a maximum sampling rate of 10 Hz. The
GNSS antenna adopted the HX-GPS500 antenna of Harxon Corporation (Beijing, China)
which is small in size, has a strong shell, and the protection level reaches IP67. The GNSS
antenna used in the experiment has certain out-of-band suppression capabilities, which
can suppress unwanted electromagnetic signals. At the same time, the GNSS receiver
also improves signal quality and suppresses interference through filters during the signal
processing process. Furthermore, during the data processing phase, we pre-processed the
observational values to remove satellites with poor quality and low elevation angles.

2.2. Experiment Introduction

The experimental area is located near the Jimiya Wharf in Qingdao, China (Figure 3),
and a small fishing harbor located on the west side of the pier, so we placed the buoys in
the red area on the east side of the pier to try to avoid disturbances to the buoys caused by
the fishing boats going out of the harbor. The GNSS buoys were deployed as their locations
were close to each other, and a GNSS base station was set up in the yellow pentagram
area of our pier (Figure 2b). In addition, since there is no tide measuring station near the
dock, a small sea level altimeter was installed simultaneously in the yellow pentagon area
(Figure 2d). The altimeter was fixed on the shore, and the antenna faced the sea surface
for fixed-point observation. By measuring the distance between the altimeter and the sea
level, the sea level height was calculated, which was used as a reference value to verify the
accuracy of the GNSS buoy sea level measurement.
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After deploying the total station, GNSS base station, and altimeter radar on the shore,
we used the total station control point as a zero baseline, which was assumed to have an
altitude of 0 m and a known fixed elevation difference from the Yellow Sea mean sea level
baseline. First, we used the total station to accurately calibrate the elevation difference
between the GNSS base station erection point and the altimeter radar deployment point
relative to the zero datum. By adding these measured elevation differences to the assumed
height of the zero reference point and applying the fixed elevation difference, the true
elevation of these device points relative to the mean sea level of the Yellow Sea can be
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calculated. At the same time, after the buoys were in the water, we also took a ship to
calibrate the actual draft depth of the buoys in the sea, and the results of the various
calibrations are shown in Table 2.

Table 2. Calibration results of relative elevation.

Calibration Position Calibrated Elevation

Total station control point elevation 0 m
Total station instrument elevation 1.365 m

GNSS base station height (antenna phase center) 1.5921 m
Sea surface altimetry radar antenna height 0.151 m

Total draft of the buoy 0.799 m

2.3. GNSS Data Processing

The processing of the multi-antenna GNSS buoy data was divided into two parts. One
part solves the high-precision positioning of the center antenna of the GNSS buoy to obtain
the high-precision vertical displacement of the buoy, and the other part solves the attitude
of the buoy by using the observation data of the multi-antenna GNSS. The process of data
processing is shown in Figure 4. In this experiment, the GNSS buoy and GNSS reference
station were deployed at the same time, and the distance between the two was about 30 m,
which met the needs of high-precision PPK positioning. The observation data from the
reference station and the GNSS buoy were used. The RTKLIB (ver.2.4.3) data processing
software was used for the data processing of satellite observations in the L1 band of the
three navigation systems, GPS, BDS, and Galileo, and the forward Kalman filter estimation
was used in the data processing scheme. The vertical displacement of the buoy’s center
antenna in the WGS-84 coordinate system was obtained by using the PPK positioning
strategy [29].
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This experimental buoy carried four GNSS antennas, which are suitable for attitude
solution using the least squares iteration method [30–32]. The antenna installation position
on the buoy was fixed, in which the centrally located ANT02 antenna was the main antenna
and the remaining three antennas were the auxiliary antennas, and the baseline vectors
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of the three auxiliary antennas relative to the main antenna under the carrier coordinate
system were accurately measured using a total station before the experiment (Figure 5).
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At the same time, the GNSS buoy can establish the main antenna as the center to build
the carrier coordinate system, while the main antenna and the three auxiliary antennas
constitute the baseline vector under the three carrier coordinate system. The solution
of the baseline vector needs to be obtained by using the dynamic baseline solution; the
dynamic baseline solution process is the same as the basic process of the PPK, with ANT02
as the base station, and ANT01, ANT03, and ANT04 as the mobile station. The dynamic
baseline solution can be used to directly obtain the baseline vector information of the two
antennas in the navigation coordinate system, and the relationship between the carrier
coordinate system and the navigation coordinate system for any baseline vector can be
expressed as follows:

li,n = Cn
b li,b(i = 2, 3, L, m) (1)

where ln and lb denote the baseline vectors of the baseline in the navigation coordinate
system and carrier coordinate system, respectively, and Cn

b denotes the attitude transfer
matrix from the carrier coordinate system to the navigation coordinate system.

The baseline vectors in the carrier coordinate system are known at the time of
installation, and the baseline vectors in the navigation coordinate system are obtained
by solving for the baseline vectors, and solving for the attitude is solving for the three
unknowns r, p, and y contained in the transformation matrix. Since least squares iteration
requires the initial values of the given to be unknown, the attitude angles provided by
the three-antenna attitude measurements can be used as the initial values r0, p0, and y0.
Bringing the initial values into Equation (1) allows the construction of the error equation
for the attitude angle solution.

v = li,n − Cn
b (r0, p0, y0)li,b (2)

By linearizing Equation (2), we can obtain Equation (3).

v = li,n − Cn
b (r0, p0, y0)li,b +

[
∂Cn

b
∂r li,b

∂Cn
b

∂p li,b
∂Cn

b
∂y li,b

]δr
δp
δy

 (3)

The content of Equation (3) is represented by different symbols, which can be
obtained from

Ai =
[

∂Cn
b

∂r sli,b
∂Cn

b
∂p sli,b

∂Cn
b

∂y sli,b

]
(4)



Sensors 2024, 24, 3451 7 of 18

δ =

δr
δp
δy

 (5)

Bi = Cn
b (r0, p0, y0) (6)

si = li,n − Cn
b (r0, p0, y0)li,b (7)

Therefore, the attitude correction quantity δ can be expressed as

δ =

[
t

∑
i=2

AT
i

(
Qsli,n + BiQsli,b BT

i

)−1
Ai

]−1

·
[

t

∑
i=2

AT
i

(
Qsli,n + BiQsli,b BT

i

)−1
li

]
(8)

The estimated value of the attitude angle is r̂
p̂
ŷ

 =

r0
p0
y0

+

δr
δp
δy

 (9)

This process requires several iterations until the attitude correction δ is less than the
threshold and the iteration is complete.

According to the definition of the carrier attitude angle, the GNSS antenna wobble on
the buoy is mainly caused by the attitude changes in the roll and pitch directions [33], and
the correction of the GNSS buoy can be simply expressed as

∆Ht = −x0 × sin(rt) cos(pt) + y0 × sin(pt) + zt × (cos(rt) cos(pt)− 1) (10)

where (x0, y0, z0) denotes the value of the pole arm of the GNSS antenna relative to the
center of the buoy, and rt and pt denote the instantaneous roll and pitch.

3. Results
3.1. GNSS Buoy Trajectory

The GNSS buoy was deployed in the anchored area for two days (9 February 2023,
0:00 to 11 February 2023, 0:00), and the data were processed using the PPK mode to obtain
the planimetric trajectory of the buoy during these two days (Figure 6a,b). The maximum
movement of the GNSS buoy in the east–west and north–south directions was about 10 m
under the constraints of the anchor chain. On both days, the GNSS buoy rotated around
the anchor point, and from 0:00 to 20:00 on 9 February, the buoy moved in the southeast
direction of the anchor point, indicating that there was a strong shore current during
this period. After 20:00 on that day, the east wind began to blow, and the buoy began to
gradually shift to the west. Due to the combined effect of sea wind and shore currents, the
buoy did not show a significant east–west shift until around 23:22 on 10 February, and the
buoy began to shift to the southeast again.

3.2. GNSS Attitude Measurements

The center antenna (ANT2) of the GNSS buoy was used to perform dynamic baseline
calculations with the three other antennas to obtain the baseline vectors in the navigational
coordinate system, and the data were obtained at a frequency of 1 Hz. The statistical results
of dynamic baseline solution are shown in Table 3. The components of the three dynamic
baselines of the GNSS buoy on 9 February in the eastward and northward directions are
given in Figure 7, and there was a clear prominence in Figure 7a,b, which was due to
unsuccessfully resolving the ambiguity of the baseline solutions.
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Table 3. Precision statistics of dynamic baseline solutions.

Baseline Baseline Length Ambiguity Fixed Rate Standard Deviation of Baseline Length Max Error

ANT02–ANT01 0.9668 m 96.5% 0.0042 m 0.3305 m
ANT02–ANT04 0.9698 m 97.3% 0.0031 m 0.2705 m
ANT03–ANT04 0.9682 m 97.9% 0.0028 m 0.2518 m

The attitude of the GNSS buoy was expressed as the attitude angles (roll, pitch, and
yaw), which ranged from −90◦ to 90◦ for roll and pitch, and from −180◦ to 180◦ for the
yaw angle. The three-axis attitude angles of the buoy solved using the multi-antenna GNSS
technique are given in Figure 8, from which it can be seen that the magnitude of changes in
the attitude angle of the buoy in the traverse and pitch directions were kept in the range of
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−10◦ to 10◦, which indicates that the buoy was better stabilized and was better controlled
in the traverse and pitch directions. In addition, it can be seen from the figure that the
variation in the pitch angle had an overall deviation, which was due to the small deviation
in the counterweight in the main bucket of the buoy, which had little influence on GNSS
attitude calculation. In the follow-up experiment, the proportion of the counterweight
should be further adjusted. At the same time, the bottom of the buoy was connected to the
anchor with two mooring cables, so that the buoy will not rotate to a large extent in the
horizontal direction; as can be seen in Figure 8, the change in the buoy’s yaw direction was
mainly concentrated in the interval from −100◦ to 100◦, and the buoy’s rotational angle did
not completed a whole cycle.
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The accuracy of the GNSS attitude solution depends on the accuracy of the dynamic
baseline solution. It can be seen from the experimental baseline calculation results that
in some epoch measurements, the errors reached the submeter scale, and the attitude
calculation of the experimental buoy produced 5–8◦ errors. These errors occur because
the GNSS ambiguity was not fixed correctly. To avoid such errors, more advanced fuzzy
positioning techniques are needed, such as the use of additional observational data and
improved algorithmic models.

3.3. Comparison of GNSS and Altimetry Radar Data

In this study, the TRG806X model altimetry radar produced by Dandong Top Elec-
tronics Instrument (Group) Co., Ltd. (Dandong, China), was used; the radar antenna is
horn-shaped, and its measurement accuracy is ±3 mm, effective detection distance is 30 m,
and data output strategy is the average value of 1 min. The small altimetry radar was
fixed on an aluminum square tube. In order to reduce the influence of the after-effects
of the waves hitting the pier on the radar altimetry, we extended the aluminum square
tube fixing the altimetry radar to the pier by about 2 m, and the altimetry radar was about
6 m away from the sea level at the lowest sea level point. The aluminum square pipe was
fixed onto the shore mounting bracket. A laser level was used to ensure the levelness of
the radar altimeter’s mounting surface. Finally, several marble strips were placed on the
bracket to provide stability. The statistical results of the sea surface height solved using
the GNSS buoy data and the radar height measurement are given in Figure 9. The 95%
confidence interval was approximately ±0.027 m, with a mean difference of 0.019 m, a
standard deviation difference of 0.025 m, and an RMSE difference of 0.0254 m, which shows
a good consistency and reliability.

Seven complete high and low tides were recorded, and the data were statistically
analyzed for the three-hour periods preceding and following each tide event (Figure 10).
It can be clearly observed that the GNSS tide measurements generally corresponded
with the radar altimeter observations in terms of overall trends. However, the GNSS
elevation observations were subject to fluctuations due to the influence of ocean swells, sea
breezes, and measurement noise. In particular, the measurement precision of the GNSS was
significantly impacted during moments when the ambiguity of the GNSS was not resolved.
A 900-s sliding window was used to denoise the GNSS buoy tide data, and the average
value for each minute was calculated according to the sampling rate of the altimeter radar
(1 min). The measured difference between the two methods is shown in Figure 11. The
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average difference between the GNSS and the altimeter radar was 0.0086 m. The standard
deviation difference was 0.0111 m, and the RMSE (root-mean-square error) difference was
0.0115 m.

3.4. GNSS Attitude Correction Effect

The main antenna of the GNSS buoy was located at the centerline of the buoy, and
only the component of the lever arm value of the main antenna in the vertical direction
needed to be calibrated (0.61 m). Figure 12 shows the attitude corrections for four
different tidal stages. The buoy’s attitude tilt correction was minimal and essentially
consistent with the original data, and from the statistics of the whole observation period
(Figure 13), the tidal level measurement error caused by the attitude perturbation was
within 1 cm, while the highest achievable correction given in the figure was up to 1.8 cm.
The reason for this situation is due to the poor quality of the dynamic baseline solution
(the ambiguity was not fixed), which caused errors in the estimation of the attitude
angle. The accuracy statistics using a single GNSS antenna and after correction using
the multi-antenna GNSS are given in Table 4. The mean difference, standard deviation,
and RMSE of the tidal time series after attitude correction were 0.0188 m, 0.0250 m, and
0.0252 m, respectively, which were reduced by 0.1 mm, 0.1 mm, and 0.2 mm, respectively,
compared to the uncorrected GNSS tidal time series. The mean difference, standard
deviation, and RMSE of the two methods after 900 s sliding window processing were
reduced by 0.4 mm, 0.5 mm and 0.3 mm, respectively, after correction compared to before
the correction.

Table 4. Comparison of accuracy of multi-antenna GNSS buoy tide level measurements.

Method MAD SD RMSE Max Error

GNSS 0.0189 m 0.0251 m 0.0254 m 0.1546 m
Corrected GNSS 0.0188 m 0.0250 m 0.0252 m 0.1518 m

GNSS (900 s) 0.0086 m 0.0111 m 0.0115 m 0.0479 m
Corrected GNSS (900 s) 0.0082 m 0.0105 m 0.0112 m 0.0477 m
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Figure 12. Effect of GNSS attitude correction, (a) low tide stage: 2:10–3:10, 9 February 2023; (b) lowest
tide stage: 5:00–6:00, 9 February 2023; (c) high tide stage: 7:50–8:50, 9 February 2023; and (d) full tide
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4. Conclusions

In order to investigate the application of multi-antenna GNSS technology in GNSS tide
observations, a set of low-cost offshore buoys carrying four GNSS antennas was designed
and deployed for testing in the offshore area of Jimiya Wharf in Qingdao City, China, from
00:00 on 9 February 2023, to 00:00 on 11 February 2023 (UTC), and the raw observation
data at 10 Hz from the four GNSS antennas were collected.

(1) The PPK positional calculation was performed on the center antenna of the buoy
(Figure 11), and seven complete high-water and first-water levels were obtained. The
comparison with a small surface side-cover radar with simultaneous observations
yielded a tidal measurement accuracy of about 1 cm (RMSE of 1.12 cm) for the
GNSS buoy, which is similar to that obtained from previous deployments of similarly
structured GNSS buoys [34], and the remaining measurement error of 1 cm was
related to the performance of the GNSS technology and receiver hardware.

(2) The data from the four antennas mounted on the GNSS buoy were processed to
obtain the attitude time series of the buoy (Figure 8), and it was found that the
magnitude of the change in the attitude angle in the roll and pitch directions in the
sea of the GNSS buoy maintained a high degree of consistency, which also verified the
previous conclusions of the attitude measurements using the GNSS/INS method [21].
From the results of the attitude solution, the normal high attitude correction for the
instantaneous sea surface height on our designed buoy was within 1 cm (Figure 12),
while a small amount of correction exceeding 1 cm existed, but these higher corrections
were not based on the attitude angle corrected from the normal solution, but were
due to the unfixed ambiguity in the dynamic baseline solution process leading to the
error in the attitude angle solution [35,36].

(3) After correcting the tidal data of the GNSS buoy using the attitude angle measured
by the multi-antenna GNSS, the tidal measurement accuracy was only improved
by 0.3 mm compared to the pre-correction values, and similar problems have been
encountered by scholars in previous studies [37], which occurred for two reasons:
first, because the wobble angle of the buoy itself is not large (−10◦~10◦), and the
second is that the distance of the main antenna of the GNSS buoy from the center of
the buoy was very short (0.61 m), which, under the combined influence of these two
factors, leads to a small amount of attitude correction for the GNSS buoy, which was
not prominent in the tidal extraction process.
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By trying to carry multiple GNSS antennas on the GNSS buoy, the attitude measure-
ments of the buoy and the observation of tides were successfully realized. In this study,
considering the influence of the attitude of the buoy on the measurement of the sea surface
height, the effect of the attitude correction was not outstanding due to the low height of
the main antenna at the center of the buoy, although it was tested and verified on the self-
designed multi-antenna buoy. In order to further validate the effect of attitude correction
on tide level measurement accuracy, future research will include plans for experiments
on large offshore buoys to more comprehensively assess the effect of attitude correction
on the improvement of sea surface height measurement accuracy of large ocean buoys.
In addition, the tidal observation factors affecting the GNSS buoys are not only attitude
changes, but also the effects of the buoy rising and sinking in the vertical direction, which
needs to be taken into account in subsequent studies.
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Accuracy of GNSS/INS Systems Supported by DGPS and RTK Receivers for Hydrographic Surveys. Energies 2021, 14, 7413.
[CrossRef]

23. Zhou, B.; Watson, C.; Beardsley, J.; Legresy, B.; King, M.A. Development of a GNSS/INS Buoy Array in Preparation for SWOT
Validation in Bass Strait. Front. Mar. Sci. 2023, 9, 1093391. [CrossRef]

24. Lei, X.; Wang, R.; Fu, F. An Adaptive Method of Attitude and Position Estimation during GPS Outages. Measurement 2022, 199,
111474. [CrossRef]

25. Rana, M.M.; Xiang, W.; Li, X. Position and Velocity Estimations of Mobile Device Incorporate GNSS. IEEE Access 2018, 6,
31141–31147. [CrossRef]

26. Zhang, P.; Zhao, Y.; Lin, H.; Zou, J.; Wang, X.; Yang, F. A Novel GNSS Attitude Determination Method Based on Primary Baseline
Switching for A Multi-Antenna Platform. Remote Sens. 2020, 12, 747. [CrossRef]

27. Chen, F.; Liu, L.; Guo, F. Sea Surface Height Estimation with Multi-GNSS and Wavelet De-Noising. Sci. Rep. 2019, 9, 15181.
[CrossRef] [PubMed]

28. Di, M.; Guo, B.; Ren, J.; Li, M.; Chen, X.; Zhang, A. Sea Surface Height Measurements Using a Low-Cost GNSS Buoy with Multiple
GNSS Receivers. Ocean Eng. 2023, 277, 114362. [CrossRef]

29. Di, M.; Zhang, A.; Guo, B.; Zhang, J.; Liu, R.; Li, M. Evaluation of Real-Time PPP-Based Tide Measurement Using IGS Real-Time
Service. Sensors 2020, 20, 2968. [CrossRef] [PubMed]

30. Kruczynski, L.R.; Li, P.C.; Evans, A.G.; Hermann, B.R. Using GPS to Determine Vehicle Attitude. In Proceedings of the
International Technical Meeting of the Satellite Division of The Institute of Navigation (ION GPS 1988), Colorado Spring, CO,
USA, 19–23 September 1988; pp. 139–145.

31. Tian, Y.; Sui, L.; Wang, B.; Dai, Q.; Tian, Y.; Zeng, T. The Research on Nonlinear Attitude Determination Method of GNSS
Multi-Antenna Attitude Measurement. In Proceedings of the China Satellite Navigation Conference (CSNC) 2017 Proceedings: Volume I;
Springer: Singapore, 2017; pp. 73–83.

32. Xu, P.; Shu, Y.; Niu, X.; Liu, J.; Yao, W.; Chen, Q. High-Rate Multi-GNSS Attitude Determination: Experiments, Comparisons with
Inertial Measurement Units and Applications of GNSS Rotational Seismology to the 2011 Tohoku Mw9.0 Earthquake. Meas. Sci.
Technol. 2019, 30, 024003. [CrossRef]

33. Ardalan, A.A.; Rezvani, M.-H. Improved Vessel Squat Modeling for Hydrographic and Navigation Applications Using Kinematic
GNSS Positioning. GPS Solut. 2014, 18, 253–262. [CrossRef]

34. Zhu, L.; Yang, L.; Xu, Y.; Yang, F.; Zhou, X. Retrieving Wave Parameters from GNSS Buoy Measurements Using the PPP Mode.
IEEE Geosci. Remote Sens. Lett. 2022, 19, 1–5. [CrossRef]

35. Li, N.; Zhao, L.; Li, L.; Jia, C. Integrity Monitoring of High-Accuracy GNSS-Based Attitude Determination. GPS Solut. 2018, 22,
120. [CrossRef]

36. Zhang, C.; Dong, D.; Chen, W.; Cai, M.; Peng, Y.; Yu, C.; Wu, J. High-Accuracy Attitude Determination Using Single-Difference
Observables Based on Multi-Antenna GNSS Receiver with a Common Clock. Remote Sens. 2021, 13, 3977. [CrossRef]

37. Lin, Y.-P.; Huang, C.-J.; Doong, D.-J.; Kao, C.C. Performance of the GNSS Buoy for Monitoring Tides and Ocean Waves in Coastal
Areas. J. Coast. Ocean Eng. 2017, 17, 175–196.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/00396265.2021.1891374
https://doi.org/10.1080/21664250.2023.2295105
https://doi.org/10.1007/s13131-022-2109-y
https://doi.org/10.1109/TGRS.2014.2362113
https://doi.org/10.1016/j.asr.2019.01.046
https://doi.org/10.1109/ACCESS.2020.2970083
https://doi.org/10.1109/TIM.2020.3023219
https://doi.org/10.3390/rs12183001
https://doi.org/10.1016/j.asr.2018.01.001
https://doi.org/10.3390/en14217413
https://doi.org/10.3389/fmars.2022.1093391
https://doi.org/10.1016/j.measurement.2022.111474
https://doi.org/10.1109/ACCESS.2018.2832245
https://doi.org/10.3390/rs12050747
https://doi.org/10.1038/s41598-019-51802-9
https://www.ncbi.nlm.nih.gov/pubmed/31645663
https://doi.org/10.1016/j.oceaneng.2023.114362
https://doi.org/10.3390/s20102968
https://www.ncbi.nlm.nih.gov/pubmed/32456275
https://doi.org/10.1088/1361-6501/aaf987
https://doi.org/10.1007/s10291-013-0326-8
https://doi.org/10.1109/LGRS.2020.3041846
https://doi.org/10.1007/s10291-018-0787-x
https://doi.org/10.3390/rs13193977

	Introduction 
	Methods and Materials 
	Multi-Antenna GNSS Buoy Design 
	Experiment Introduction 
	GNSS Data Processing 

	Results 
	GNSS Buoy Trajectory 
	GNSS Attitude Measurements 
	Comparison of GNSS and Altimetry Radar Data 
	GNSS Attitude Correction Effect 

	Conclusions 
	References

