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Abstract: For the past 20 years, Global Navigation Satellite System reflectometry (GNSS-R) technology
has successfully shown its potential for remote sensing of the Earth’s surface, including ocean and
land surfaces. It is a multistatic radar that uses the GNSS signals reflected from the Earth’s surface
to extract land and ocean characteristics. Because of its numerous advantages such as low cost,
multiple signal sources, and all-day/weather and high-spatiotemporal-resolution observations,
this new technology has attracted the attention of many researchers. One of its most promising
applications is GNSS-R ocean altimetry, which can complement existing techniques such as tide
gauging and radar satellite altimetry. Since this technology for ocean altimetry was first proposed
in 1993, increasing progress has been made including diverse methods for processing reflected
signals (such as GNSS interferometric reflectometry, conventional GNSS-R, and interferometric
GNSS-R), different instruments (such as an RHCP antenna with one geodetic receiver, a linearly
polarized antenna, and a system of simultaneously used RHCP and LHCP antennas with a dedicated
receiver), and different platform applications (such as ground-based, air-borne, or space-borne). The
development of multi-mode and multi-frequency GNSS, especially for constructing the Chinese
BeiDou Global Navigation Satellite System (BDS-3), has enabled more free signals to be used to
further promote GNSS-R applications. The GNSS has evolved from its initial use of GPS L1 and L2
signals to include other GNSS bands and multi-GNSS signals. Using more advanced, multi-frequency,
and multi-mode signals will bring new opportunities to develop GNSS-R technology. In this paper,
studies of GNSS-R altimetry are reviewed from four perspectives: (1) classifications according to
different data processing methods, (2) different platforms, (3) development of different receivers,
and (4) our work. We overview the current status of GNSS-R altimetry and describe its fundamental
principles, experiments, recent applications to ocean altimetry, and future directions.
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1. Introduction

Sea level monitoring plays an important role in global climate analysis, water con-
servancy projects, hydrological forecasting and planning, disaster monitoring, marine
transportation, and safety measures for people living in coastal regions [1]. The rise in
global mean sea levels with global warming threatens coastal populations and ecosystems.
Thus, it is greatly important to monitor the sea level.

Pressure and acoustic tide gauges (TGs) and radar altimeters are traditionally used to
monitor long-time and large-scale global sea level variations. They have their respective
advantages and disadvantages. TGs can provide observations over a long time with a
high sampling rate and high precision but only in situ and relative to different sea levels.
Conventional TG measurements also suffer from long-time variations due to vertical surface
motion [2]. Therefore, more tide gauges have been collocated with a Global Navigation
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Satellite System (GNSS) receiver to use its data to correct this vertical motion and provide
absolute sea level variation. Meanwhile, TGs require direct contact with the water, and they
are vulnerable to water corrosion, thus requiring regular maintenance. Radar altimetry can
provide absolute sea level variation over the open sea, but it has a low sampling rate and a
long revisit period, and the contamination of radar signals by land reduces the precision of
coastal sea level observations [3] (pp. 297-330). Its spatial and temporal resolutions cannot
meet the requirements for detecting the mesoscale features of ocean surface variation, such
as swell and waves [4]. In coastal areas especially, the precision of sea level retrieval from
radar altimetry is poor.

The initial aim in developing GNSS was to realize positioning, navigation, and timing
(PNT). The development of GNSS-R provides a new and promising alternative approach
to ocean and land remote sensing such as sea level monitoring [2,5], sea surface wind
retrieval [6,7], snow depth determination [8,9], and soil moisture estimation [10,11]. The
fundamental principle of GNSS-R is that the strength, phase, and polarization of GNSS
signals change after they are reflected from a land or ocean surface, and the characteristics
of the reflection surface can be deduced from these changes. Because GNSS continu-
ously broadcasts multi-constellation and multi-frequency L-band signals in all-day and
all-weather conditions, it can take measurements along several reflection tracks from dif-
ferent GNSS transmitters in parallel. This provides exceptional observations all the time
and through all types of weather with high spatiotemporal sampling and rapid revisit
time over the Earth surfaces. GNSS-R requires only the receiver component of traditional
remote sensing, such as satellite radar. This significantly reduces the size, power, and cost
of the sensor, which enables the deployment of small affordable GNSS-R satellites and their
constellations.

GNSS-R technology has been demonstrated and can be used to retrieve various ocean
and land parameters. Ocean altimetry is one of the most challenging applications of GNSS-
R. The passive reflectometry and interferometry system (PARIS) for mesoscale altimetry
was first proposed by Martin-Neira et al. [12]. In 1996, the first GNSS-R experiment for sea
surface height estimations was conducted, and a root mean squared (RMS) height accuracy
within 5 s of 1% of the used code chip (3 m for C/A code) was realized [13]. Since then,
many studies have demonstrated spatial and/or temporal variation in sea levels using
this new technique with an optimal accuracy of a few centimeters in ground-based or air-
based experiments [14-18] and on the order of meters in space-borne missions [19]. Other
organizations have conducted theoretical studies, the development of new receivers, and
ground/air-based GNSS-R experiments and achieved encouraging results and progress.

Signal modernization and the development of the new generation of GNSS constel-
lations, especially the successful construction of BDS [20], have allowed GNSS-R to use
multi-frequency and multi-system signals freely. There are currently more than 120 GNSS
satellites in orbit, which affords continuous, stable, and high-quality free L-band signals.
More applications will be realized using these multi-frequency and multi-system GNSS
signals as well as future space-borne GNSS-R missions. GNSS-R technology is expected to
supplement sea level observations with high spatiotemporal resolution and high precision.
This paper simply summarizes the current status of GNSS-R in sea level altimetry and
our related work according to different kinds of data processing methods and equipment.
The current development of multi-frequency and multi-system GNSS is also outlined.
Furthermore, the future developments of receivers and space-borne GNSS-R missions are
presented.

2. Current Status of GNSS-R Sea Level Altimetry

GNSS-R altimetry relies on the path delay or time delay between the reflected and
direct signals to calculate the vertical distance between the antenna and the sea surface, i.e.,
reflector height, and then estimates sea level by subtracting the derived reflector height
from the geodetic height of the antenna (see Figure 1). This technology can be roughly
divided into two categories according to the equipment used. The first uses one GNSS
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upward antenna to receive the direct and reflected signals simultaneously and is called
GNSS interferometric reflectometry (GNSS-IR) or GNSS multipath reflectometry (GNSS-
MR). The other kind of GNSS-R uses one upward and one or more downward antennas to
separately receive the direct and reflected GNSS signals, and then these signals are further
processed by a specially designed hardware or software-defined receiver to calculate the
path delay. This kind of GNSS-R altimetry can be mainly divided into conventional GNSS-
R (cGNSS-R) and interferometric GNSS-R (iGNSS-R) according to their different data
processing methods. According to the different platforms for installing GNSS-R altimetric
equipment, GNSS-R can be divided into ground-based (including ship-borne), air-borne,
and space-borne GNSS-R. Meanwhile, GNSS-IR/MR can only be used for ground-based
GNSS-R altimetry because weak multipath signals cannot be received by a high-altitude
single-antenna platform. The following paragraphs will briefly introduce the principles
and status of each kind of GNSS-R altimetry.

\} \GNSS Satellite

N

GNSS Antenna

Sea Surface

Reference Plane

Figure 1. Schematic of the GNSS-IR experiment setup.

2.1. Sea Level Estimation Using GNSS-IR/MR

In traditional GNSS positioning, the upward geodetic antenna receives not only the
direct signals from the GNSS satellite but also the reflected signals from the surroundings.
This is called the multipath effect and should be eliminated to obtain a precise positioning
result. However, Larson et al. [21] found that these multipath signals can also be used for
GNSS-R; this is called GNSS-MR. Because the received direct and reflected signals interfere
with each other and form a composite signal, this technology can also be called GNSS-IR.
Sea level estimations based on this GNSS-R technique have been verified using data from
existing global GNSS reference stations. Some studies have also focused on using low-cost
receivers to estimate sea levels.

2.1.1. Geodetic Receiver

The geodetic receiver was first successfully used to measure coastal sea level 20 years
ago [22]. Since then, the feasibility of using traditional geodetic GNSS instruments (receivers
and antennas) to measure sea levels has also been demonstrated by many research groups
worldwide. Basically, the method uses the signal-to-noise ratio (SNR) of GNSS observations
to estimate sea level. The SNR is an index of the received signal quality, which is mainly
affected by the antenna gain, receiver noise, and multipath effect. After being reflected from
the sea surface, signals at a low elevation angle are still right-handed circularly polarized
(RHCP), which can also be received simultaneously with the direct signal by the antenna.
The composite signal oscillates with time because of the reflected signal. The GNSS SNR
observation series is an interference signal composed of the direct and reflected signals
as shown in Figure 2. The former is a low-frequency signal and can be obtained using
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low-order polynomial fitting. After the direct signal is removed from the raw SNR series,
the reflected (or multipath) signal can be obtained, and the signal can be expressed as [23]

2H,(t
SNRy, = Ay cos(27f (t) sinb(t)) = Ay cos(2m )2\( ) sinf(t)), (1)
where A, is the amplitude of the reflected signal; A is the wavelength of the GNSS signal;
and f(t), Hx(t), and 6(t) are the signal frequency, reflector height, and satellite elevation
angle at time f. Note that both the reflector height and the angle are time-related. Once the
geodetic height of the antenna (H;) is known, according to Figure 1, the sea level can be

calculated via
Hs(t) = Hy — Hy(t), (2)
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Figure 2. Upper: one example of the detrended SNR observations for BDS PRN 08 at B1 frequency
at one station. Below: Lomb-Scargle periodogram (LSP) spectral analysis of the detrended SNR
observations.

Because of the tidal effect, the reflector height changes significantly in most cases,
which induces variation in the reflected signal frequency as in Equation (1). The amplitude
of the reflected signal is also related to the GNSS antenna gain pattern, satellite elevation
angle, and many other factors [24,25]. The amplitude decreases with increasing satellite
elevation angle for a geodetic GNSS receiver collecting SNR observations. Thus, the
reflected signal is a typical non-stationary signal and behaves like a damped sinusoid; that
is, both the frequency and amplitude of the signal vary at different times. Estimating the
frequency (or reflector height) from the non-stationary signal is the core of GNSS-IR-based
sea level estimation. Sea level estimation using the existing geodetic receiver can be divided
into two general types based on their different data processing strategies:

1.  Spectrogram analysis: The frequency of the non-stationary signal is treated as a
constant during a full satellite tracking period (e.g., 5°-25°) [26]. Then, Lomb-Scargle
spectral analysis is used to determine the peak frequency of the signal with a frequency
resolution of 1 mm. One example of this method is shown in Figure 2. The temporal
variation in the reflector height can be solved via height rate correction based on
tidal harmonic estimation. Then, a piecewise cubic spline is used to fit the residuals.
This method was proposed by [5,21]. In addition to Lomb-Scargle spectral analysis,
wavelet analysis has been used to estimate the sea level [27,28]. Wavelet analysis
performs better than the Lomb-Scargle method both in temporal and spatial resolution
of the sea level. Wang et al. [29] also evaluated the performance of multi-frequency
signals for different constellations, and a multi-GNSS combination algorithm was
used to improve the accuracy of estimating the reflector height.
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2. SNR inverse modeling: Whereas spectrogram analysis uses an isolated period of SNR
data to obtain a single measurement, this method is based on a forward/inverse ap-
proach to modeling the entirety of SNR observations [30,31]. The pre-fit residuals and
parameter biases are calculated through a statistically rigorous inverse model, which is
based on the physical forward model. The linear phase bias coefficient is related to the
reflector height and thus the sea level. For each satellite track, an independent sea level
estimation can be obtained. All the track-derived sea level estimations are combined to
obtain a regularly spaced time series of sea levels based on a weighted moving average
with a post-spacing of 1 h and a window width of 8 h [9,32]. Strandberg et al. [24] used
a B-spline function to describe the temporal sea level (or the reflector height) variations
to satisfy sea level continuity. The coefficients of the B-spline function can be determined
through nonlinear Least Squares fitting of the SNR series. This method has significantly
higher precision in sea level estimations than spectrogram methods (e.g., the FFT or
Lomb-Scargle method). The method also contributes to a better spatial and temporal
sampling of the sea surface. However, the method requires SNR observations in a full
period (with the elevation angle basically from 5° to 25°), which induces significant time
delays for GNSS-based sea level measurements. In [33], interval analysis was used to
find the global optimization when using the model to fit the SNR data, and the proposed
method improved both the precision and computation efficiency. Later, a sea level time
series in the form of a B-spline curve combined with a Kalman filter was proposed to
estimate sea levels in real time with high precision [25]. The method was successfully
used to estimate sea level in real time with an RMS error of approximately 3 cm.

Non-SNR GNSS observations, including the code, phase, and signal strength indicator
(SSI), suffer from the multipath effect. Therefore, when there are no SNR data for GNSS-IR
altimetry, the code, phase, and SSI can be used instead for GNSS-IR sea level estimation.
Reference [34] adopted a three-frequency code and phase combinations to estimate sea
level with improved RMSEs of approximately 18 cm and 10 cm. To weaken the influence
of main errors such as ionospheric and tropospheric errors, Wang et al. [35,36] proposed
different combinations of dual-frequency codes and phases to estimate sea level. The
detailed equations for these combinations can be found in Table 1. Figure 3 is one example
of combined multipath errors and their corresponding Lomb-Scargle periodogram (LSP),
from which two clear peaks can be discerned because dual-frequency signals were used.
The results in these references verified the proposed methods, which provide substitutes
for GNSS-IR technology and expand its applicability.

Table 1. GNSS-IR models and their corresponding formulas.

Model Main Formulas * References
Py+P+2y/P;\/Pr +
SNR SNR = & o cos(+¢) [35]
SSI SSI = min (max(int( Pt P2V BB, cos(§+-¢) ), 1), 9) (371
36
M=p1—p2 {36}

Combinations of code and phase

N=p1—p2+Li =L

34
Nios = M3(p1 —p2) + V5o — p1) + 432 = ps)La = L — Ly o
Mips = A(Ly — Lp) +A5(Ls — L1) + A{(L2 — Ls) [36]

* The definition of each variable in these equations is given in the corresponding references.

Because the sea surface is non-stationary during one-arc SNR observations, a dynamic
sea level correction is usually adopted after a stationary reflector height, which is H in
Equation (1), obtained using spectrogram analysis on the SNR observations. Reference [21]
showed that the stationary reflector height was biased by an amount equal to

Htan 6/ 9, (3)
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where H(= ‘%") defines the vertical velocity and 6(= %) defines the elevation angle
velocity. The final sea level can be calculated using the following equation:

H, = Htan 6/0 + H, (4)

Reference [21] proposed a two-step iteration method: they first calculated the sta-
tionary reflector height H, using spectrogram analysis on the SNR observations without

considering H, and then estimated H using this coarse Ha(t) series to produce height cor-
rections (Equation (3)). Finally, sea levels (H) can be calculated using Equation (4). Lofgren

etal. [2] proposed a similar two-iteration method by calculating H from daily sinusoidal
functions fitted to the reflector heights Hj(t) obtained from the first iteration. When using
the method of SNR inverse modeling to estimate sea level, Roussel et al. [4] proposed a
dynamic SNR method to substitute Equation (4) into Equation (1), and then combined all

the satellites visible within each time window to conjointly estimate H and H by a moving
window and a classical Least Squares method. Wang et al. [29] expanded this dynamic SNR
method to include the tropospheric delay correction, and found that multi-GNSS combina-
tion can improve the precision of the estimated sea level from GNSS-IR. Larson et al. [5]
used quadratic B-splines functions to describe the dynamic sea levels, and Strandberg
et al. [25] realized real-time sea level estimations with this dynamic sea level expression
using Kalman filtering. Reference [38] used a cubic spline instead of Equation (4) to express
the dynamic sea level, and estimated sea levels using a differential evolution method other
than the Least Squares method. The experimental results showed that the proposed method
led to a clear increase in precision compared to the results from the Least Squares method.

M(m)

d

. . . . . . . .
008 01 012 014 016 018 02 022 024 026
sin(d)

PSD

0.5

0 5 10 15 20 25 30 35 40 45
reflector height(m)

Figure 3. Example of two combined multipath errors (top panel) from a dual-frequency code
combination for Galileo signals at station AT01 and their correspondent LSP figures (bottom panel),
from which we can see two peaks corresponding to dual-frequency signals. The blue and red lines
represent two different combined multipath errors.

2.1.2. GNSS-IR with a Low-Cost GNSS Receiver

In addition to the use of the geodetic receiver for GNSS-IR altimetry, a low-cost GNSS
instrument has also been used to estimate the sea level in recent years. Li et al. [39]
demonstrated the feasibility of estimating reflector height with consumer-grade GNSS
chips and antennas. Williams et al. [40] showed that a low-cost GNSS instrument can also
estimate sea level well with an RMS error of approximately 5 cm. An Android-based tablet
or phone collecting SNR observations can also be used to monitor sea levels [41,42]. Ina
Huawei P30 phone experiment, the BDS B1I, GPS L1, and GLONASS G1 provided more
precise and stable height retrievals than those from GPS L5 and Galileo E5a. Fagundes
et al. [43] demonstrated an open-source platform integrated with an Arduino system and a
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low-cost GNSS module. The platform-based sea level estimations agree well with the in
situ ones with an RMS error of approximately 3 cm. Overall, a low-cost GNSS receiver can
be used to estimate sea level with lower cost and better data availability than conventional
geodetic receivers, and it provides a promising method for future GNSS-IR applications.

2.2. GNSS-R Altimetry with Two or More Antennas

Sea level estimation based on GNSS-R relies on the accurate acquisition of the delay
between the reflected and direct signals. Figure 4 shows the schematic of ground-based
and air-borne GNSS-R altimetry with two antennas. For GNSS-R setups with two or more
antennas, one upward antenna is used to receive the direct GNSS signals, and one or more
downward antennas are used to receive the reflected GNSS signals from the sea surface.
The two signals are further processed using a specially designed hardware or software-
defined receiver to calculate the path delay between the reflected and direct signals. Because
of the different path delay acquisition methods, different signal processing methods for
the receiver have been developed to calculate the delay, including conventional GNSS-R
(cGNSS-R), interferometric GNSS-R (iGNSS-R), reconstructed-code GNSS-R (rGNSS-R),
and partial interferometric GNSS-R [44].

GNSS Satellites

X GNSS Satellites

‘Water

Water Surface

Reference Ellipsoid

(a) (b)

Figure 4. Schematic of (a) ground-based and (b) air-borne GNSS-R altimetry with two antennas.

2.2.1. ¢cGNSS-R Altimetry

cGNSS-R acquires the path delay by correlating the reflected signal with a locally gen-
erated clean replica of the transmitted signal using the information of the direct signal [44],
with the following correlation power [45]:

T, , ,
Yot T, 1) = Tl / sr(t)a* ( — T)e PR+ gyt 5)
cJt

where t is the integration start time; T, is the coherent time, which is typically 1 ms; sg ()
is the reflected signal; a*(#' — 7) is the local replica of the transmitted signal; 7 is the time
delay between the reflected and transmitted signals; and F; and f; are the central frequency
and Doppler frequency shift. To improve the SNR, incoherent integration is required to
obtain a 2-D delay-Doppler waveform (DDM) as

(¥ il = g D Yot ol ©

where N; is the number of incoherent averages. Figure 5 shows examples of measured 2-D
delay-Doppler waveforms and their corresponding 1-D delay waveforms for a ground-
based and a space-borne GNSS-R experiment. The path delay between the reflected and
direct signals can be calculated using waveform retracking according to the 1-D delay
waveforms. Four different retrackers, namely the peak value of the 1-D delay waveform,
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DER (the maximum of the 1-D delay waveform’s first derivative), HALF (a fraction of the
peak power in the 1-D delay waveform), and FIT (the fitting of the 1-D delay waveform to
its model), are usually adopted to determine the time delay.

-
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Figure 5. Measured 2-D delay-Doppler maps (a,b) and 1-D delay maps (c,d) for a ground-based (a,c)
and a space-borne (b,d) GNSS-R experiment.

Then, for ground-based or air-borne GNSS-R altimetry, in which the curvature of Earth
can be ignored, the reflector height can be deduced using the following equation according
to the GNSS-R geometry as shown in Figures 4 and 6a:

5P - (5Pi0n0 + ‘510“’0]00 + 5Prough + 5Pins)

2cos )

AH = —

where AH is the vertical height between the phase center of the reflected antenna and
the sea surface, Jp is the observed path delay, 5pjon, and ptropo are the ionospheric and
tropospheric delay errors, 6p;,gp, is the error caused by the sea roughness, and Jpjs is the
instrumental error.

However, in space-borne GNSS-R altimetry, the curvature of Earth cannot be ignored,
and the reflector height can be deduced as shown in Figure 6b using the following equa-
tion [46]:

‘Spf(‘5Piono+‘5ptmpo+5prough+§Pins) + 7

AH = 2sinf o
sin 7y "E/ ®

Where 7 is the Earth’s spherical radius, r; is the distance between the specular point
and the geocenter, and vy is called the direction angle of the specular reflection point as
shown in Figure 6b.

Then, the sea surface height can be calculated by subtracting AH from the geodetic
height of the reflected antenna using Equation (2).
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Direct Signal

Specular point

Sea surface
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Figure 6. Geometry of GNSS-R altimetry when (a) considering the Earth as a flat surface, and
(b) considering the Earth’s curvature.

Small antennas are enough for cGNSS-R to receive multiple reflected GNSS signals,
and therefore can be used for all kinds of platforms such as ground-based, air-borne, and
space-borne platforms. Moreover, because of their low cost, several space-borne GNSS-R
satellites can make constellations to improve the spatiotemporal resolution and revisit
period of the observations. Because the very narrow bandwidth of GNSS signals limits
the altimetric performance of cGNSS-R, rGNSS-R was also proposed to overcome the
bandwidth limitation. The method of rGNSS-R is similar to that of cGNSS-R but uses a
semi-codeless technique to reconstruct the wideband encrypted P(Y) or other codes before
they are correlated with the reflected signal as described in [47,48]. However, most of the
current space-borne GNSS-R missions use the cGNSS-R method because it is easy to realize
practically. Therefore, cGNSS-R is widely used for remote sensing applications.

(1) Ground/ship-based GNSS-R: Ground-based GNSS-R altimetry can be an effective
supplement to existing TG stations and radar altimetry for sea level monitoring in
coastal areas. Ground/ship-based GNSS-R altimetry includes code-based and phase-
based methods according to the observables. The experimental configuration usually
contains two antennas: one upward RHCP antenna to receive the direct GNSS signal
and a downward left-handed circularly polarized (LHCP) antenna to receive the
reflected signals from the sea surface. Then, the two signals are processed using a
dedicated software-defined or hardware receiver to obtain the code delay or phase
delay between the two signals. The accuracy of sea level measurement for code-based
GNSS-R is limited to the meter or decimeter level because of the code chip length
of GNSS signals. Centimeter-level sea levels can be determined using phase-based
GNSS-R when the sea surface is relatively calm. However, when the sea becomes
rough, the phase cannot be continuously tracked, and this method may fail.

The following are some examples of ground/ship-based cGNSS-R altimetry. In 2001,
Treuhaft et al. [49] made estimates of lake surface height with a 2 cm precision in 1 s using
reflected GPS signals observed from a 480 m Cloudcap Lookout point. In 2015, two BeiDou-R
coastal experiments including lake and ocean experiments were performed in China [50]. The
lake experiment had resulting errors of 0.11 m for geostationary Earth orbit (GEO) satellites
and 1.61 m for inclined geosynchronous orbit (IGSO) satellites. In addition, the precision of
the retrieved ocean height reached 0.37 m. In 2018, a shipborne GNSS-R code-level experiment
based on GPS and BDS signals was conducted and realized sub-meter-level accuracy [51]. A
coastal experiment using BDS-3 B1C and B2a signals showed that GNSS-R code-level altimetry
could achieve centimeter-level precision through the application of the moving average [52].
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In 2020, Wu et al. [53] verified the capability of code-based altimetry using reflected signals
from BDS GEO satellites with decimeter-level precision.

@)

®G)

Air-borne GNSS-R altimetry: For ground-based GNSS-R altimetry, the observation
area is limited to only 1 km around the station, whereas air-borne GNSS-R altimetry
can cover bigger observation areas. In 2002, Lowe et al. [14] presented the first two
aircraft GNSS-R ocean altimetry measurements. The first experiment demonstrated
14 cm precision single-satellite altimetric measurements [54], and the second used
authorized P(Y) codes to demonstrate 5 cm altimetric precision with 5 km spatial
resolution [14]. In 2004, Ruffini et al. [15] used two synchronous GPS receivers flown
at a 1 km altitude to collect L1 reflections from the sea surface to assess the altimetric
precision and accuracy. The 20 km averaged GNSS-R absolute altimetric solution with
respect to the Jason-1 sea surface height (SSH) and a GPS buoy measurement had an
RMS error of 10 cm with a 2 cm mean difference. In 2014, sea surface topography in
the Mediterranean Sea near Italy was deduced from an air-borne GNSS-R experiment
using carrier phase data. The results revealed that eight tracks with centimeter
precision were obtained between 11° and 33° of elevation, while at higher elevation
angles, the number of tracks was significantly reduced owing to surface roughness [55].
In 2016, an air-borne GNSS-R altimetric experiment was conducted in Monterey Bay,
California, and sea levels were observed with a standard deviation of 0.6 m using GPS
L1 P-code data [56]. Air-borne GNSS-R altimetry has already proven its feasibility,
and it has better flexibility and can cover a big observation area. However, it is not
usually adopted because of the expensive fuel consumption of an airplane.
Space-borne GNSS-R altimetry: Space-borne GNSS-R satellites are equipped with
small GNSS-R payloads to collect GNSS signals reflected off the sea surface, generating
delay-Doppler maps (DDMs) or carrier phase measurements, which are then used to
obtain the SSH. Space-borne GNSS-R can be regarded as a bistatic passive radar that
processes the forward scattering signals (as shown in Figure 7). Compared with other
space systems, space-borne GNSS-R has many characteristics: the system does not
transmit any signals, thereby reducing the hardware requirements; with hundreds
of GNSS satellites as illumination opportunities, more observations can be obtained
with one track; the system can work in all weather conditions [42,57,58].

Figure 7. Schematic of space-borne GNSS-R altimetry with two antennas in which the Earth’s

curvature should be considered.

Space-borne GNSS-R has a high spatial and temporal resolution, which is very im-

portant for geodesy, geophysics, oceanography, and environmental research [59-61]. With
C/ A code signals, the size of the first Fresnel zone can be dozens of kilometers. However,
the resolution can be further improved with proper antenna hardware and satellite orbit de-
sign [62,63]. In 2011, Gleason et al. [64] analyzed the fading statistics and sensing accuracy
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of ocean-scattered GNSS and altimetry signals detected in a low Earth orbit (LEO). In 2016,
the Cyclone American Global Navigation Satellite System (CYGNSS) was launched, aiming
to monitor the sea surface wind. Its spatial resolution is 25 km, and its mean revisit time
is 7.2 h. Despite C/A codes, there are many different signals broadcasting to the public.
Cramér—Rao bound (CRB) analysis is used to obtain accurate altimetry with L1, E1, L5,
E5, and E6 signals. E5 has the best altimetry performance when PARIS is used with the
largest bandwidth [65]. In 2016, the first space-borne observation of sea surface height was
conducted through GPS reflectometry with meter-level precision using the TechDemoSat-1
platform [66]. In addition, the multi-looking method based on the SAR principle can extract
more observations in one track [67].

Owing to the advantages of GNSS-R, many GNSS-R space-borne missions have already
been launched or will be launched in the future. The most famous and publicly available
missions are TDS-1 and CYGNSS [6,67]. Most public research is based on the DDM or raw
data of these two missions. The 3Cat-2 program uses semi-codeless technology to process
P(Y) codes and achieve high-precision altimetry [68]. In 2011, the European Space Agency
(ESA) proposed the PARIS in-orbit experiment using the iGNSS-R method [69]. In 2016, the
ESA discussed a GEROS-ISS mission to determine sea surface height and wind speed [70].
In 2021, Unwin et al. [71] described the concept, case studies, and new technologies of
HydroGNSS. In 2023, Chen et al. [72] retrieved ocean wind speeds for the BF-1 Mission.
Additionally, Wang et al. [73] obtained and assessed wind speed products using the Jilin 1
Kuanfu 01B satellites. Though HydroGNSS, BF-1 and Jilin 1 are not designed for altimetry
at first, they provide more opportunities for altimetry.

Space-borne GNSS-R involves taking measurements of two observables, the group
delay and phase delay, which can be used to calculate the sea surface height according
to the altimetry model. The group delay can be extracted from the reflected waveform,
which can be obtained in most cases. The reflected waveform must be retracked to improve
the accuracy. The three retrackers often used are DER, HALF, and FIT. In 2016, Mashburn
et al. [56] used several methods to extract the group delay in an air-borne experiment. They
extracted the global sea surface height with a mean height residual of 6.4 m compared with
the mean sea surface (MSS) using TDS-1 data [74]. In 2017, Rius et al. [75] studied the ice
sheet altimetry in Greenland with TDS-1 data, and the results showed good consistency
with the ICEsat sensor. In 2017 and 2020, Cartwright et al. constructed the first digital
elevation model (DEM) based on TDS-1 data, demonstrating the application potential of
space-borne GNSS-R in polar and glacial areas [76,77]. In 2020, Li et al. [78] evaluated
altimetry performance using raw data from CYGNSS, with ranging accuracy reaching
3.9 and 2.5 m for the 1 s GPS and Galileo group measurements [79]. The results using
the BDS-3 signals show the same accuracy as those using the other GNSS signals and are
presented later [80]. In 2021, Zhang et al. [81] discussed error models for the TDS-1 data
and improved the accuracy of group delay altimetry.

Phase-delay measurements have better accuracy than group-delay measurements.
However, most GNSS-R observations involve diffuse scattering, which causes a phase
shift and jumps randomly. However, the phase delay can be recovered and high-precision
altimetry can be achieved in some cases. In 2004, Cardellach et al. [82] first extracted
the interference phase of the reflected signals from an ice surface in the CHAMP satellite
mission. The vertical accuracy was 0.7 m for 1 km sampling compared with that of the
digital elevation model (DEM). In 2016, Semmling et al. [83] discussed several issues related
to space-borne GNSS-R phase altimetry, proving that carrier phase observations are more
sensitive to the terrain. In 2017, Li et al. [78] processed the TDS-1 signals from sea surfaces
at high elevation angles. Compared with the MSS, the root mean square was 4.7 cm. In
2018, CYGNSS signals reflected off a lake were further studied. The phase-delay altimetry
performed much better than that of the group delay [84]. Under grazing angle geometries,
the maximized coherent scattering enables the carrier phase-delay altimetric technique over
the sea, which can provide precise ranging measurements. In 2020, Cardellach et al. [19]
proposed the use of grazing angle geometry to achieve precise phase-delay altimetry
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from CYGNSS data. The altimetric precision reached 3/4.1 cm (median/mean) at 20 Hz
sampling, and cm level at 1 Hz, which is comparable to that achieved by radar altimeters
at 1 Hz sampling. Moreover, they found that the requirements for wind and waves to
enable coherent scattering at grazing angle geometries were below 6 m/s wind and 1.5 m
significant wave height. In 2021 and 2022, an improved method for extracting coherent
components from signals was proposed by Wang et al. [85,86], who processed CYGNSS
data to measure sea surface elevation and a river gradient with high precision. In 2020 and
2022, Nguyen and Roesler used Spire constellation data to show that most coherent events
occur in areas covered by sea ice, and their carrier phase height measurement reached an
accuracy on the centimeter level [87,88].

Owing to the significant difference in space paths between the direct and reflected sig-
nals in space-borne GNSS-R, there are many error sources that must be carefully considered.
LEO satellites have a real-time orbit determination accuracy approximately at the meter
level, which does not meet the requirement for precise altimetry. The various error sources
that need to be modeled include time tag synchronization, ionospheric and tropospheric
delays, baseline offset between the positioning antenna and the downward antenna, ocean
and solid earth tides, and other sources. At present, public space-borne GNSS-R data are
mainly at the L1 frequency, and the accuracy is at the level of several meters. Although
phase-delay altimetry is as precise as traditional satellite altimetry, the required conditions
are relatively strict, mainly occurring in situations such as low elevation in calm sea or ice.

The details of some typical references for GNSS-R altimetry are listed in Table 2. To sum
up, carrier phase altimetry can realize more precise altimetric results than code-delay altimetry,
and centimeter-level altimetric results can be expected to be realized in the future. However,
there are still some unresolved issues that make achieving this goal a great challenge.

Table 2. Details of some typical references for GNSS-R altimetry.

Reflection

Reference Platform Signal Precision
Surface
Treuhaft et al., 2001 [49] From a 480 m Cl'oudcap GPS code lake 2cm
Lookout point
lake: 0.11 m for GEO and 1.61 m for
Zhang et al., 2015 [50] Ground-based BDS code < I1GSO;
ocean 037 m
Gao et al., 2018 [51] Ship-borne GPS and BDS code ocean Sub-meter-level
Gao et al., 2021 [52] Ground-based BDS-3 B1C and B2a ocean Centlmetel'r-level after using
moving average
Wu et al., 2020 [53] Ground-based BDS GEO code ocean Decimeter-level
Lowe et al., 2002 [14] Air-borne GPS C/A and P(Y) ocean 14 cm for C/A and 5 cm for P(Y)
Ruffini et al., 2004 [15] Air-borne