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Abstract: High temporal and spatial resolutions are the key advantages of the global navigation
satellites system-reflectometry (GNSS-R) technique, while low precision and instabilities constrain its
development. Compared with conventional Ku/C band nadir-looking radar altimetry, the precision
of GNSS-R code-level altimetry is restricted by the smaller bandwidth and the lower transmitted
power of the signals. Fortunately, modernized GNSS broadcast new open-available ranging codes
with wider bandwidth. The Chinese BDS-3 system was built on 31 July 2020; its inclined geostationary
orbit and medium circular orbit satellites provide B1C and B2a public navigation service signals
in the two frequency bands of B1 and B2. In order to investigate their performance on GNSS-R
code-level altimetry, a coastal experiment was conducted on 5 November 2020 at a trestle of Weihai in
the Shandong province of China. The raw intermediate frequency data with a 62 MHz sampling rate
were collected and post-processed to solve the sea surface height every second continuously for over
eight hours. The precisions were evaluated using the measurements from a 26 GHz radar altimeter
mounted on the same trestle near our GNSS-R setup. The results show that a centimeter-level
accuracy of GNSS-R altimetry—based on B1C code after the application of the moving average—can
be achieved, while for B2a code, the accuracy is about 10 to 20 cm.

Keywords: ocean altimetry; global Navigation satellite systems reflectometer (GNSS-R); BDS;
B1C; B2a

1. Introduction

Satellite radar altimetry and tide gauges have been used to monitor large-scale global
sea surface heights (SSH) in the past several decades; these have contributed much to Earth
sciences [1,2]. However, their spatial and temporal resolutions cannot meet the require-
ments for probing mesoscale features in the ocean height. To solve this problem, global
navigation satellites system-reflectometry (GNSS-R) was proposed as a multi-static radar
means with the prospect of providing additional high-density SSH measurements [3]. Es-
sentially, the performance of this technique relies on the accuracy of the relative path delay
between the direct and reflected signals. As GNSS signals are not dedicated for altimetry,
the precision of GNSS-R code-level altimetry is restricted by their smaller bandwidth and
lower transmitted power [4].

Many experiments have been performed on different platforms to test the precision
and accuracy of GNSS-R code-level altimetry. The results of a bridge-based experiment
showed that global positioning system (GPS) C/A code and P-code provided the water
surface reflector height with accuracies of 3 and 0.3 m, respectively [5]. The experiment was
enhanced; its results indicated a significant improvement in GNSS-R altimetric performance
with 7.5 cm uncertainty [6]. The feasibility of code-level altimetry based on BDS B1I signals
using coastal GNSS-R setups was also verified [7]. The first airborne GNSS-R ocean
altimetry experiment was performed in 2002, with results showing that the root-mean-
square residual height was at the meter level for GPS C/A code and decimeter level for
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P-code [8,9]. Another airborne experiment was conducted to investigate the performance
of code-delay altimetry using clean-replica and interferometric approaches based on GPS
L1 signals [10]. GNSS-R airborne GPS L5 signals were also used for altimetry analysis;
precision within meter and sub-meter levels was achieved [11]. Apart from the cases for
the lower-altitude of the receivers, an accuracy of two to three meters can be achieved
for space-borne GNSS-R code-level ocean altimetry, based on GPS C/A and BDS code,
using the data from TDS-1 and CYGNSS missions [12–14]. In addition, by analyzing the
signals reflected from the lake surface, the accuracy can be reached at the sub-meter level
on board [15].

In 2020, China finished constructing its BDS-3, which can transmit B1C and B2a civil
code signals with wider bandwidths at center frequencies of 1575.42 and 1176.45 MHz,
respectively [16]. Hence, it can be expected that the precision of GNSS-R code-level
altimetry can be improved by using the new BDS civil codes. In order to demonstrate
the potential of BDS B1C and B2a signals for GNSS-R altimetry, we performed a static
coastal experiment on a trestle bridge. The raw intermediate frequency (IF) data produced
by GNSS-R setups and other precise auxiliary measurements obtained by geodetic GNSS
setups, radar altimeter, and electronic total station were collected. These data were post-
processed to solve the SSH every second continuously for over eight hours.

The remainder of this paper is organized as follows. In Section 2, we briefly review
the characteristics of the two new BDS-3 civil signals and the basic principle of our work.
In Section 3, details of our coastal GNSS-R altimetry experiment and the setups that were
used are described. In Section 4, we analyze the solutions and evaluate their accuracy by
comparing them with the measurements of the radar altimeter. Finally, the main results are
summarized and the problems that remain unsolved in this work are discussed.

2. Materials and Methods

BDS-3 B1C and B2a signals for fundamental positioning, navigation, and timing
service are broadcast from 24 medium circular orbit (MEO) satellites and three inclined
geostationary orbit (IGSO) satellites. Their pseudo random noise code (PRN) numbers
range from 19 to 46, in which 38, 39, and 40 are the PRNs of IGSO. The two kinds of new
civil ranging codes have the same length of 10230, while the chip rates of B1C and B2a
are 1.023 Mbps and 10.23 Mbps, respectively [17,18]. These are separately modulated on
carrier signals with center frequencies of 1575.42 MHz and 1176.45 MHz, and different
ranging codes are modulated on the data component and pilot component. The power
ratio of the data component to the pilot component is 1:1 for B2a while the ratio is 1:3 for
B1C. In addition, both the components of B2a adopt BPSK(10) modulation while those for
B1C adopt more advanced BOC and QMBOC modulation.

The expression of the modulated B2a signal can be described as:

S(i)
B2a(t) =

√
2PB2a

[
D(i)

B2a_d(t)C
(i)
B2a_d(t) cos(2π f t)− C(i)

B2a_p(t) sin(2π f t)
]

(1)

where S(i)
B2a stands for the signals from satellite i, D(i)

B2a_d is the modulation data, C(i)
B2a_d

stands for the ranging code on the data component, C(i)
B2a_p is the ranging code on the pilot

component, PB2a is the B2a signal power, and f is the carrier frequency. In Equation (1), the
pilot channel is data-less, and so can be used for estimating the ranging information better
without the problem of sign transitions [17].

The expression of the modulated B1C signal can be described as:

S(i)
B1C(t) =

√
2PB1C

[
1
2

D(i)
B1C(t)C

(i)
B1C_d(t) cos(2π f t)−

√
3

2
C(i)

B1C_p(t) sin(2π f t)

]
(2)

where S(i)
B1C stands for the signals from satellite i; D(i)

B1C is the modulation data; C(i)
B1C_d

stands for the ranging code on the data component; PB1C is the B1C signal power; and
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C(i)
B1C_p is the ranging code on the pilot component, which employs QMBOC(6,1,4/33)

modulation [18]. In Equation (2), we can see that not only is the pilot channel free of data
information, but that the modulation is also more complicated. These improvements will
enhance the ranging ability of the B1C code.

Raw IF data of direct and reflected signals were processed to obtain the code-level
path delay measurements using a software-defined receiver (SDR) modified from an open
source code using MATLAB [19]. Figure 1 shows a brief flow chart of this GNSS-R SDR.
Firstly, both the direct and reflected signals are cross-correlated separately with the pilot
and data local replicas. The coherent span for both B1C and B2a codes is 10 milliseconds;
each signal produces two waveforms because of its pilot and data components. In order to
increase the signal-to-noise ratio, the two values added incoherently by power ratios are the
direct signal waveform and reflected signal waveform. Then, the code-level path delays are
computed from the positions of waveform peaks by applying cubic spline interpolations.
Furthermore, in order to increase the stability and precision, we computed 21 path delays
in one second at intervals of 50 milliseconds and selected their median value for further
processing. Finally, the reflector heights from the sea surface are calculated in accordance
with the geometry of ground-based GNSS-R altimetry.
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Figure 1. Basic concept of deriving code-level path delay from waveforms of direct and reflected
signals using the data component (red) and the pilot component (purple).

3. Experiments

Our GNSS-R IF data collection system is mainly composed of two dual-circularly
polarized crossed dipole antennas and one raw data recorder with four radio frequency
signal input ports. Two of them are for the direct and reflected signals from the B1
band while the other two are for the B2 band. The bandwidths of the recorder are 20.46
MHz; its central frequencies are at 1529 MHz and 1130 MHz for the two kinds of signals,
respectively. The IF data are quantified with 2 bits and recorded at a sampling rate of 62
MHz continuously in most cases. The data are then transferred to a laptop through a USB
3.0 cable.

Apart from GNSS-R setups, a geodetic GNSS receiver, chock-ring antenna, and an
electronic total station were used to obtain the geodetic height of the GNSS-R antennas. An
independent 26 GHz radar altimeter was installed on the trestle, which can provide vertical
distance from the sea surface to its phase center with 3 mm accuracy every second. We
measured the precise height differences among the phase centers of the chock-ring GNSS



Remote Sens. 2021, 13, 1378 4 of 11

antenna, GNSS-R antenna, and radar altimeter using the electronic total station. Figure 2
shows the relevant photos.
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Figure 2. Photos of the geodetic GNSS chock-ring antenna (a), electronic total station (b), and the
monostatic radar altimeter (c).

We performed the experiment on a shore trestle bridge located at Weihai in Shan-
dong province with latitude and longitude coordinates (37◦32′2.62” N, 122◦2′44.11” E) on
November 5, 2020. An upward GNSS-R antenna was used for receiving direct signals with
right-handed circular polarization while the down-looking one was for reflected signals
with left-handed circular polarization. As the operating band of the antennas ranged from
1.16 to 1.62 GHz, it can cover B1C and B2a signals. Before entering the recorder, both of
the direct and reflected signals are spilt into two channels by two two-way power dividers.
One is for B1C and another is for B2a. The configuration of antennas and the satellite image
of the trestle bridge are shown in Figure 3 and the tilt angles of the antennas are both 30◦

to horizontal. Their phase centers are in a single plumb line. The height of the antennas
above the sea surface ranged from about three to five meters during our experiment. In
addition, as the beam width angle of the antennas is 60◦, the available satellite elevation
ranges from 30◦ to 90◦ for this experiment. The two antennas faced south to receive more
reflected signals, and so the available satellite azimuth ranged from 150◦ to 210◦.
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Figure 3. The configuration of antennas for our GNSS-R altimetry experiment (a), the photograph of the antennas’
arrangement (b) and top view of the trestle bridge (c) during the experiment.

4. Results

The signals from five different satellites, including four MEOs and an IGSO, were used
for computing reflector heights at different periods. The SSHs were separately derived,
based on B2a and B1C signals from 13:30 to 22:00 on 5 November (local time). In general,
continuous GNSS-R altimetry solutions were achieved for more than eight hours. As the
reflector heights could be derived by using the code-level path delay measurements of one
satellite, we selected signals from only one satellite over a certain period of time. The sea
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surface was smooth in general during the experiment, so the path delay measurements
were derived from the peak point positions of the direct and reflected waveforms. As
the coherence time for both B1C and B2a codes was 10 milliseconds, each time slot of 10
milliseconds produced an estimate of the path delay. Considering that our SDR runs very
slow, we computed a delay measurement every 50 milliseconds to save time. So, there
are 21 delays in one second, and their median value was chosen for altimetry retrievals.
Figures 4 and 5 show SSHs derived from B1C and B2a code-level delay measurements,
respectively. We find that the solutions of both B1C and B2a can reflect the trend of the sea
surface change, compared with the measurements of the radar altimeter. However, the
noise level of B2a is larger than that of B1C. It should be noted that the gaps around 14:10
in Figures 4 and 5 were caused by an accidental interruption in the power supply at the
beginning of our experiment.
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In order to evaluate the precision of GNSS-R altimetry based on the two kinds of new
BDS civil codes, we differentiated between the solutions and radar altimeter measurements.
Figures 6 and 7, respectively, show their height difference sequence with the satellite
elevation angles for B1C and B2a signals. The root mean square (RMS) values of the two
sequences are 0.394 m and 0.668 m for B1C and B2a, which are better than the solutions
derived from GPS C/A and BDS B1I code [20]. It is worth noting that the divergence is
a minimum of between 60◦ and 70◦ in both the cases. This is because the signals with
elevation angles around 60◦ have small incidence angles for both upward- and downward-
looking antennas, thanks to their 30◦ tilted angles. The gain of antennas is maximal in these
directions, indicating that higher gain of antenna will help improve the precision of the
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solutions. On the other hand, both the direct and reflected signals with higher elevations
have higher power, so that the divergence is a minimum of around 65◦ instead of 60◦.

Figure 6. Differences between measured SSHs using monostatic radar and B1C signals at
different elevations.

Figure 7. Differences between measured SSHs using monostatic radar and B2a signals at
different elevations.

The above analysis shows that the precision of GNSS-R code-delay altimetry achieved
from B1C is better than that from B2a. In this study, the coherent time is 10 milliseconds
for both signals. The code rate of B2a signals is 10 times that of B1C, but the complicated
code construction of B1C produces its wider bandwidth compared to B2a. In addition,
the results of a positioning experiment using BDS-3 signals showed that B2a signals have
relatively poor quality, although they have stronger power than the other open available
ranging code [21]. Affected by the above factors, GNSS-R code-delay altimetry based on
B2a signals from our experiment has worse precision than that based on B1C signals.

Since our altimetry solutions are derived from the differential measurement of the
direct and reflected code ranges, we investigated the cross-correlated waveforms of the
two new BDS-3 civil signals for further exploration. Figures 8 and 9, respectively, show the
waveforms of B1C and B2a codes for direct and reflected signals. During the experiment,
the sea surface had no appreciable roughness and the reflector heights ranged from three
to five meters, so that the path delays can be calculated from the peak positions of the
waveforms [6]. From Figures 8 and 9, the direct and reflected B2a waveforms are about half
of the B1C ones. This may be caused by its poor signal quality and narrower bandwidth.
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Figure 9. Cross-correlated waveforms of B2a code for direct (blue) and reflected (red) signals.

Centimeter-level SSH measurements are widely required for many geoscience ap-
plications. Obviously, the original solutions derived from B1C and B2a cannot directly
satisfy this requirement. However, as BDS-3 has completed its full operations, an adequate
number of satellites could be observed for GNSS-R altimetry during our experiment. Their
SSH measurements could be obtained continuously and so the change of actual SSH was a
steady dynamic process. In this paper, moving averages with windows of one minute and
five minutes were applied to smoothing solutions derived from B1C and B2a signals. In
Figures 10 and 11, the red points stand for the SSH obtained from radar altimeter; the blue
ones stand for those after applying a one-minute moving average; green ones stand for
those after applying a five-minute moving average. The results indicated that the precision
improved a lot in both cases.
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Figure 11. SSHs derived from B2a code-level delay measurements with moving average and radar
altimeter for more than eight hours.

In order to evaluate the performance of the filters, we differentiated between the
solutions and measurements of the radar altimeter. Figures 12 and 13 show the residuals.
The RMSs of B1C-based SSH are 0.090 m and 0.053 m for one-minute and five-minute
moving averages while those for B2a case are 0.199 m and 0.111 m. The final results show
that centimeter-level SSH can be achieved using the B1C signal, while the precision for the
B2a case can only reach the decimeter level.
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5. Discussion

GNSS-R is a promising and low-cost technique for ocean altimetry on different plat-
forms. New GNSS signals, designed with better performance, bring opportunities for
improving the accuracy and precision. We tested the performance of GNSS-R code-level
altimetry based on new BDS-3 civil codes by conducting a coastal experiment for the
first time. The solutions derived from B1C and B2a signals are achieved at one second
intervals for a period of about eight hours. The final results show that the centimeter-level
precision of GNSS-R altimetry based on B1C codes can be achieved; it is similar to that of
the tide gauge.

Our results demonstrated that the precision of solutions from the two new civilcode-
sare higher than those from conventional GPS C/A and BDS B1I. Furthermore, the solutions
from B1C are better than those from B2a. The poor performance of the single-frequency
band B2a was attributed to its poor signal quality and narrower bandwidth. In addition,
we also found that the precision of the solutions can be affected by signal power.

One of a main feature of BDS-3 is its hybrid constellation, in which the GEO satellites
can provide stable geometries for GNSS-R observations. However, in this paper, no solution
was retrieved from the signals of the BDS-3 GEO satellite. They provide fundamental PNT
service on the legacy B1I and B3I signals, while new B1C and B2a signals are used for
providing SABS service. Unfortunately, their SABS services are still in testing. As the
GNSS-R code-level altimetry performance of BDS-3 B1C and B2a signals is studied, we
could not test BDS-3 GEO signals during this experiment.

In this work, the performance of GNSS-R altimetry based on the B1C and B2a signals
was only tested on a very low platform when the sea surface was in a good condition.
We plan to conduct experiments on higher platforms, such as using an unmanned aerial
vehicle and/or plane to investigate their characteristics. We should find a proper and safe
place to conduct experiments for different sea states.

The monostatic radar altimeter can accurately measure the vertical distance from its
phase center to the sea surface, which enabled us to obtain the precise reflector height. In
this work, we solved a bias for each satellite using the precise reflector height values. This is
because the biases are caused not only by the sea surface roughness and the electromagnetic
characters, but are also affected by the signal bandwidth and instrumental reasons [22–24].
So, further explorations for the biases require much more data over a long time. However,
as our SDR runs very slowly and the IF data are too large to be stored, we cannot process
and analyse long-time data in this work.
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