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Abstract: This study proposes a significant wave height (SWH) retrieval method based on multi-
satellite observations using Global Navigation Satellite System Reflectometry (GNSS-R). The algo-
rithm obtains the signal-to-noise ratio (SNR) through delay-Doppler maps (DDMs) and introduces
an offset correction that combines the differences between the elevation angles of multi-satellites.
The correction improves the correlation between SNR and SWH and thus enables the estimation
of SWH. The feasibility of the proposed algorithm was verified by experiments and a performance
comparison with the traditional estimation method based on SNR. The estimation results of the
proposed algorithm, with a mean absolute percentage error of 8.26%, a root mean square error
of 0.1671 m, and a maximum error of 0.32 m, better matched the true values than the traditional
SNR-based method. The method is intended to improve the retrieval accuracy of SWH based on the
GNSS-R technique, and to provide services for sea-state information monitoring and ship navigation.
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1. Introduction

The ocean occupies approximately 71% of the earth. Marine navigation, marine
disaster warnings, ocean-going and polar navigation all require accurate ocean state in-
formation [1]. Therefore, marine environment detection has great application value and
strategic significance. Sea surface wind fields, significant wave height (SWH), and sea
targets are important physical parameters that reflect the sea-state and navigation envi-
ronment. Traditionally, maritime information is acquired by marine stations, synthetic
aperture radar (SAR), radar altimeters, unmanned aerial vehicles (UAVs)-borne measure-
ments and other active observational approaches [2-8]. Global Navigation Satellite System
Reflectometry (GNSS-R) is a new type of remote sensing technology with all-weather
operability, multi-source signals, small weight and volume, low power consumption, and
low cost. GNSS-R is a more passive detection technology than traditional radars [9-11].

GNSS-R uses the L-band signals of US global positioning system (GPS) [12], the Rus-
sian global orbiting navigational satellite system (GLONASS) [13], the Galileo system [14]
of the European Space Agency (ESA), and the BeiDou Navigation Satellite System (BDS)
of China [15] as the signal source. The features of the ocean surface are inferred from the
signal reflection characteristics of the surface. Since the 1990s, GNSS-R technology has
gradually developed into a new hotspot in the remote sensing field [16]. Subsequent GNSS-
R experiments and related researches have been conducted in countries around the world.
For example, the Surrey Satellite Technology Ltd. UK-DMC (the United Kingdom-Disaster
Monitoring Constellation) satellite was the first experiment to successfully provide avail-
able GNSS-R data [17,18]. Following the UK-DMC, the TechDemoSat-1 (TDS-1), launched
in 2014, has acquired a large amount of further GNSS-R data [19]. NASA (National Aero-
nautics and Space Administration)’s CYGNSS (Cyclone Global Navigation Satellite System)
mission has launched eight low-orbit satellites for typhoon observations and disaster-
impact reductions in typhoon-stricken areas worldwide [20,21]. At present, the GNSS-R
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technique has been applied to wind fields, SWH, sea ice, ocean altimetry measurements,
soil moisture, and other researches [22-28].

In ocean remote sensing, accurate sea-state information plays a crucial role in ship
scheduling, navigation safety, and information perception. The SWH represents the mean
height of the largest third of the wave heights arranged in descending order, which is close
to the visual wave height [29]. Furthermore, it is an important indicator of sea conditions.
As a key application of the GNSS-R technique, SWH estimation has attracted significant
research interest. A typical SWH retrieval method is interferometric complex field (ICF),
which has been widely used in GNSS-R ocean remote sensing [30-32]. Alberto et al. pre-
sented the results of a three-mouth field campaign that retrieved the SWH using the
interference pattern technique (IPT) and extracted the mean sea surface level (MSSL) from
the observed interference patterns [24]. Referring to the SWH measurement method used
by radar, an SWH estimation method based on the signal-to-noise ratio (SNR) can be intro-
duced into GNSS-R. The present work attempts to obtain the SNR applicable to GNSS-R
and improve the correlation between SNR and SWH using the delay-Doppler maps (DDMs)
derived from two BeiDou satellite observations, thereby realizing an improved SWH re-
trieval method. This paper is divided into four parts. Section 2 presents the principle of the
improved algorithm. Section 3 describes the experiments and discusses the experimental
results. Section 4 summarizes the conclusions of this paper.

2. Materials and Methods
2.1. GNSS-R Geometry

As shown in Figure 1, GNSS satellites act as transmitters. Their direct signals are
captured by the receiver, and their reflected signals pass through the reflection point and
multiple scattering points, forming a bistatic radar mode for transmitting and receiving [11].
In one satellite, the receiver can obtain multiple scattered signals along with the direct
signal, and the corresponding scattered power can be presented with different delays and
Doppler shifts. This 2D mapping, known as a DDM, is the basis of SWH retrieval.

Transmitters
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Reflected
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o points
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Figure 1. Geometry of GNSS-R.

2.2. Algorithm Principle

In SWH retrieval, the SNR changes of the reflected signal contain the information of
different sea-states. Based on the DDMs obtained by GNSS-R observations, we here provide
the concepts and calculation methods of SNRs in GNSS-R data. The useful information
power is obtained as the sum of relative powers in the peak area of the DDM. The noise
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floor is defined in [33], and the ratio of the two parameters is called the accumulated
DDM-to-noise ratio (ADNR):

M N
Y. Y. DDM(ty, fn) — Noise

ADNR = "=1n=1 1
Noise )

where DDM(t,, f) is the power value at a time delay of t,, and a Doppler frequency of
fun- Noise is the average power of noise floor in the corresponding DDM. In this paper,
tm € [—2.0,2.8] chips, f, € [-500,500] Hz. m and n are the index of delay and Doppler,
respectively, m € [1,48], n € [1,15].

During the experiments, we found that the ADNR values of the same SWH fluctuated
at different satellite elevation angles. This fluctuation characteristic increased the deviation
of the SWH estimation. Figure 2 plots the relationship between elevation angle and ADNR
for an SWH of 2 m. The ADNR was a decreasing function of elevation angle.
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Figure 2. Relationship between satellite elevation angle and ADNR at a significant wave height of
2m.

The experimental results were fitted to the following formula:
£(8) = 6.9542 x sin?(#) — 23.7790 x sin(8) + 22.1739 )

To reduce the influence of the fluctuation difference, this study proposed an offset
correction to ADNR, given as

ADNR, = ADNR + A; 3)

In (3), i is the current satellite; the A; is determined using a second satellite elevation
angle and is defined as

+ _ ADNR; — ADNR
L f(6) - f(8))

where ADNR; and ADNR; are the ADNR values of the i-th and j-th satellites, respectively,
6; and 6; are their corresponding elevation angles.

For convenience of discussion and presentation, the offset and corrected ADNR (called
ADNR,) is also referred to as ADNR in the remainder of this paper.

x (5.907 — £(6;)) 4)
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Based on the above definition, the SWH retrieval model is given as

ADNR?
SWH =[abc]| ADNR ®)
ones

where g, b, and ¢ are undetermined coefficients, and ones is the unit matrix.
Letting K = [a b c] and X = [ADNR? ADNR ones] T and applying the normal equa-
tion, K is given by

KX = SWH
= KXXT = (SWH)X"®
= KX (Xx) T (sWH)XT (xT) - )
= K = (SWH)XT (xxT) o

The flow of the entire algorithm is illustrated in Figure 3 below.

¢ Generate DDM

e Calculate the ADNR of DDM ) .
Get the second satellite

Correct the ADNR

¢ Estimate the SWH

Figure 3. Procedure of the proposed algorithm.

3. Results and Discussion
3.1. Experimental Data

To verify the feasibility of the algorithm, GNSS-R experiments were conducted in
Lvshun, Dalian (China) in December 2020. As comparison data, we also acquired the
instantaneous SWH measurements provided by the Datawell’s Directional Waverider buoy
(Datawell DWR-MKIII), as shown in the right of Figure 4. The measurements recorded
using the buoy include maximum wave height (Hmax), mean height of the highest 1/10 of
the waves (H[1/10]), mean height of the highest third of the waves (H[1/3]), and mean
height of all waves (Hav). According to the definition of significant wave height (SWH),
this study selected the parameter “H[1/3]” as true value data. The location and antenna
installations of the experimental observations are shown in Figures 4 and 5, respectively.
The entire observation system includes a right hand circularly polarized (RHCP) zenith
antenna with a peak gain of 3 dBi, a left hand circularly polarized (LHCP) downward
pointing with a peak gain of 12 dBi, and a GNSS-R receiver. This system can capture the
BeiDou satellite signal on the B1 carrier at a center frequency of 1561 MHz and B2 carrier at
a center frequency of 1207 MHz. The BeiDou system consists of geosynchronous earth orbit
(GEO), medium earth orbit (MEO), and inclined geosynchronous satellite orbit (IGSO). The
specific satellites distribution was described in [34]. MEO is running at a height of about
21,500 km with an inclination of 55°, and IGSO is running at a height of about 35,700 km
with the same inclination of 55°. The receiver is near the experimental location (as shown
in Figure 5) and has four reflection channels that directly generate the DDMs formed by
sea surface scattering signals from BeiDou satellites. Besides, these four channels are sorted
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from high to low based on the quality of captured signals, so we choose the satellites of
channels 1 and 2 for SWH retrieval, and channel 2 is used as the second satellite (i.e., the
j-th satellite) into Equation (4) for calculating A. As the Doppler shift of each scattering
point is little changed relative to the specular point, it can be ignored in ground-based
GNSS-R. Therefore, the present study analyzes SWH from a delay perspective. When
calculating the ADNR of the obtained DDM, we selected the points from —0.2 to 0.3 chips,
which provide useful correlation power. The noise floor was calculated as the average
correlation power from —2 to —1.5 chips and from 2.0 to 2.8 chips.

LHCP antenna RHCP antenna

Datawell DWR-MKIII
GNSS-R receiver g

Figure 4. GNSS-R installation, including the antennas and receiver. The RHCP (right hand circularly
polarized) antenna and LHCP (left hand circularly polarized) antenna were installed on a bracket and
were connected to the receiver by two RF cables. The right part is a view of Datawell DWR-MKIII.

38°520"N

38°48'0"N

Bay of Bengal

South China Sea

121°40"E 121°8°0"E 121°12'0°E 121°160"E
Figure 5. Location of the GNSS-R experiments (Dalian Lvshun, east China).

The method was verified with four performance measures: the bias, root mean square
error (RMSE), mean absolute percentage error (MAPE), and scatter index (SI), respectively,
computed as

bias =

g(szs - irue) (7)

=
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RMSE = | =Y (Sis — Shu)’ ®)
Lz:l

MAPE = @ ‘517”1“" 9)
L i=1 Strue

: — 12
\/ Z SES) - (Sirue - St”‘e)] (10)
Strue

where L represents the total number of the records, Si; represents the estimated SWH, Si .
represents the buoy data, S.s represents the average Value of estimated SWHSs, and S,
represents the average value of buoy SWHs.

3.2. SWH Retrieval Results and Discussion

This subsection presents the experimental results and analyzes and discusses the
proposed SWH retrieval algorithm.

Figure 6 presents the SWHs estimated by the proposed algorithm (denoted ADNR
in the figure), and Figure 7 shows the results of the traditional SNR algorithm. In both
plots, the changes of satellite elevation angles are plotted and the true SWHs are displayed
for comparison. The proposed method better estimated the true data than the traditional
method because it introduces the elevation angle of a second satellite to reduce the fluc-
tuation difference among the results obtained from different elevation angles. The RMSE
of the proposed algorithm was 0.1671 m, 17.00% lower than that of the traditional SNR
algorithm. Furthermore, the proposed algorithm has a small scatter index of 0.16, versus
0.20 in the traditional SNR method. Figures 8 and 9 compare the deviation fluctuations
of the two algorithms. In each plot, the results obtained with the proposed algorithm lie
closer to the y = 0 line than those of the traditional algorithm. The biases of the proposed
algorithms and traditional SNR algorithms were 0.0026 m and 0.0075 m, respectively. The
maximum error was 0.32 m in the proposed algorithm, versus 0.61 m in the traditional
SNR method.

23
< Buoy
—£—ADNR
2r 444 .
Elevation angle

SWH (m)

11+ Num = 46
. MAPE = 8.26%
bias =0.0026 q
SI=0.16
RMSE =0.1671
0.8

0 5 10 15 20 25 30 35 40 45
Observation records

Figure 6. Retrieval results of the proposed algorithm. The gap between two observations is 30 min.



Remote Sens. 2021, 13, 4806 7 of 10

2.3 T T 80
< Buoy

| —~-SNR .

2y e - - - Elevation angle 1°

< 2

\ k=)

4 !

(@]

C

©

c

il

50 E

>

<@

L

Bl -y i MAPE = 10.17% 140
bias = 0.0075 P =10.17%
RMSE = 02013 Num =020

08 | | | | | | | . s
0 5 10 15 20 25 30 35 40 45

Observation records

Figure 7. Retrieval results of the traditional algorithm.
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Figure 8. Error fluctuation in the two algorithms.
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Figure 9. Percentage error fluctuation in the two algorithms. Blue and yellow represent the proposed
algorithm (ADNR) and SNR algorithm, respectively.

Meanwhile, the MAPEs of the proposed ADNR and traditional SNR algorithms were
8.26% and 10.17%, respectively, and their maximum percentage errors were 20.63% and
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60.22%, respectively. However, we noticed that some of the percentage errors of the ADNR
method were larger than those of the SNR method in Figure 9. It was mainly because the
algorithm in this study focused on reflecting the fluctuation of true values to a greater
extent during the entire estimation process (as shown in Figure 6), and a small number
of individual values would be not as good as the SNR algorithm in an actual calculation,
but generally reduce the mean error and maximum error. Therefore, the utilization of
multi-satellite DDMs can improve the accuracy of SWH estimation. Figure 10 is a scatter
plot of the SWH retrieved by ADNR versus the true SWH. Figure 11 is a Q-Q plot for
the data in Figure 10. Most of the scattered points fell near the straight line. Although,
there was still a gap compared with the ideal effect, and the model could be developed in
further experiments.
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Figure 10. GNSS-R-retrieved SWH versus true SWH.
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Figure 11. Q-Q plot for GNSS-R-retrieved SWH versus true SWH.

4. Conclusions

Detecting the ocean-state information is important for marine navigation, marine
disaster warnings, ocean-going, and polar exploration. An important indicator of the
sea-state is the SWH. This study established an SWH retrieval algorithm using DDMs from
multi-satellite observations. This approach constructs the offset correction from multiple
satellite elevation angles, and improves the calculation method of SNR suitable for GNSS-
R. The feasibility of this algorithm for GNSS-R estimation was confirmed in validation
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experiments. For comparison, we also acquired the instantaneous SWH measurements
provided by the Datawell DWR-MKIII buoy. As the performance measures, we chose the
bias, RMSE, MAPE, and SI. All the performance measures were lower in the proposed
algorithm than in the SNR-based traditional algorithm. We thus confirmed that acquiring
the multi-satellite DDMs improves the accuracy of SWH estimation.

In future experiments, we will explore researches of SWH estimation under higher
sea-states to further improve the retrieval accuracy. Ultimately, research will be expected to
provide services for sea-state perception and ocean observations, along with guarantees
for navigation safety.
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