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Comparisons between different global navigation satellite system (GNSS)
signals and GNSS-reflectometry (GNSS-R) satellite systems can provide
valuable suggestions for future development of the GNSS-R instrument and
signal processing method. This article evaluates the ocean altimetry
performance of multiple GNSS constellation signals using raw intermediate
frequency data collected by Cyclone GNSS (CYGNSS) and TechDemoSat-1
(TDS-1) satellites. Data used for the evaluation include observations of GPS L1,
Galileo E1, and BDS B1 band signal. The specular point position and the ground-
truth bistatic delay are calculated through the HALF method. After ionospheric,
tropospheric, and tide corrections, the sea surface height can be retrieved; and
then the height is compared with the DTU18 mean sea surface model derived
one. Based on the GNSS-R satellite-collected observations, an optimal
incoherent integral duration is determined. By making use of the optimal
duration, the CYGNSS-based ranging delay estimating accuracy can reach
up to 2.38 m, 1.98 m, and 1.91 m for GPS, Galileo and BDS, respectively; and
the TDS-1 based one can reach up to 5.46 m and 3.84 m for GPS and Galileo,
respectively. The results can provide suggestion on the strategies of multi-
constellation observations fusion to improve the altimetry accuracy.

KEYWORDS

GNSS reflectometry, CYGNSS, TDS-1, sea surface height, optimal integral duration

1 Introduction

The ocean covers about 70% of the Earth’s surface, and sea surface height (SSH) is
of great importance for research of ocean circulation and global climate change
(Levermann et al., 2005; Bindoff et al., 2007). As the main spaceborne-based SSH
observing technology, radar altimetry is limited by its sub-satellite observation mode,
only resolving mesoscale features larger than 400 km (FU et al, 2010). A new
technology is necessary for observing small mesoscale and sub-mesoscale SSH
with higher temporal and spatial resolution. The GNSS-R aims to retrieve
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information of the Earth’s surface through analyzing the
signals transmitted by GNSS satellites and the signals
reflected from the sea surface. Since the PARIS (passive
reflectometry and interferometric system) concept proposed
in 1993, GNSS-R has been demonstrated as an effective
technique for estimating geophysical parameters such as
soil moisture, sea surface wind speed, and SSH (Martin-
Neira, 1993; Clarizia et al.,, 2016, 2019; Clarizia and Ruf,
2016). the
techniques, GNSS-R-based ocean altimetry is a promising

Compared to traditional radar altimetry
technique due to high temporal and spatial resolution.
Because of the passive sensing mode and bistatic radar
the GNSS-R
advantage in terms of economic cost, power requirement,
With
technology, it would provide more opportunities for

properties, instrument has a significant

and monitoring coverage. improvement of the
retrieving mesoscale SSH information.

Preliminary research about the configuration of bistatic
altimeter constellation and the bistatic model of ocean
scattering has provided guidelines for receiver design
(Martin-Neira et al., 1998; Picardi et al., 1998; Hajj and
Zuffada, 2003). Based on the early work, GNSS-R altimetry
has been validated by various ground and airborne
which
experimental foundations for spaceborne-based GNSS-R
altimetry (Lowe et al., 2000, 2002; Martin-Neira et al.,
2001, 2002; Treuhaft et al., 2001). UK-DMC (disaster
the first
equipped with a GNSS-R receiver, was launched in 2003
(Gleason et al., 2005). The satellite had been collecting
numerous observations, validating the feasibility of the
GNSS-R-based altimetry technique. After that, TDS-1 was
launched in July 2014; the GNSS-R receiver carried by the
satellite could output the delay-Doppler maps (DDMs) which

experiments, also  creates  theoretical and

monitoring constellation), which is satellite

contain information about the delay and Doppler around a
specular point (SP) (Unwin et al.,, 2016). In recent years, an
improved receiver was used on the NASA’s CYGNSS mission
for monitoring ocean wind speed (Ruf et al.,, 2012, 2016).
Because of the improvement of the GNSS-R instrument, the
signals transmitted by GPS, Galileo, and BDS can also be
received and processed by the Delay-Doppler mapping
instrument (DDMI). In addition to more observations, a
multi-constellation signal can also provide an opportunity
to explore the discrepancies in GNSS-R ocean altimetry
performance of GNSS signals with a different band and
Thus, of
observation fusion can be derived for improving the

modulation. strategies multi-constellation
altimetry accuracy.

In this work, we concentrate on the determination of optimal
integration duration and the comparison of code phase altimetry
performance of different GNSS constellation and GNSS-R
satellite systems. The work could provide a reasonable basis

for combining multi-constellation SSH estimations in the
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future. This article is organized as follows. In the next section,
the datasets used in the paper are introduced. Details of the
GNSS-R-based altimetry method are described in Section 3. The
altimetry performance and the comparison between the different
satellite constellations are presented in Section 4. Section 5
concludes this paper.

2 Data

The raw intermediate frequency (IF) data are raw sensor
counts, which come from the incoming radio frequency
streams, digitized by DDMI. The raw IF data records are
downlinked by ground commands to coincide with an
overpass of a target area of interest. Therefore, it provides
opportunities to explore potential abilities of GNSS-R with the
highest resolution in delay and Doppler space for advanced
science applications. The raw IF data pre-processed by Institut
d’Estudis Espacial de Catalunya (IEEC) and available on
IEEC’s GPS Open Loop Differential Real-Time Receiver
Data server (IEEC GOLD-RTR) are used in this paper. It
consists of a complex waveform (cWF) file and metadata file.
In the cWF file, there are raw signal sample streams (30 s-90 s)
of direct signals and reflected signals received by zenith
antenna and nadir antenna, respectively. The metadata file
mainly contains geometric information, such as positioning
and timing information of the GNSS-R spacecraft, GNSS
constellation, and the incidence angle.

The raw IF data used in the paper were collected by two
GNSS-R  constellations: TDS-1 and CYGNSS. TDS-1 was
intermittently operating in the sun-synchronous orbit with
650-km altitude and inclination of 98.4% while CYGNSS
consists of eight microsatellites in one plane with 520-km
altitude and inclination of 35°. Parameters of the GNSS-R
instrument used by TDS-1 and the CYGNSS are shown in
Table 1. Some parameters have been improved for the
CYGNSS; especially, a cavity filter was used for the CYGNSS
instead of a dielectric filter, which could result in a lower noise
figure and thus lower observing noising and thus higher quality
of GNSS observations (Jales, 2015).

The datasets used in the paper include TDS-1 raw IF
observations collected from September 2014, to March
2019, and CYGNSS raw IF observations collected from
September 2017, to September 2022, as shown in Figure 1
and Table 2. It should be noted that CY_GPS, CY_Galileo, and
CY_BDS indicate that the CYGNSS collected GPS, Galileo,
and BDS signals, respectively; TDS_GPS and TDS_Galileo
indicate the TDS-1-collected GPS and Galileo signals,
respectively. The satellite tracks are 189, 99, 75, 288, and
58 for these five schemes, respectively. It should be noted that
because the TDS-1 mission was terminated in 2019, few BDS
observations are recorded by TDS-1 to derive reliable
research.
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TABLE 1 Configuration of RF front-end onboard CYGNSS/TDS-1.

Sampling rate  Delay resolution = Receiver bandwidth  LNA noise =~ Antenna temperature  Nadir antenna

(MHz) (m) (MHz) figure (dB) (K) gain (dB)
CYGNSS  16.0362 18.69473 25 25 99.4 14.6
TDS-1 16.367 18.31689 2.5/4.2 3.0 290 13
60 N ;
30°N
K
——CY_GPS
o = CY_Galico
30 S| ——cvBDS
TDS_GPS
= TDS_Galileo
60°S
180" W 120’ W 60" W 0 60" E 120 E 180 E

FIGURE 1
Map of specular point ground tracks of the raw IF data used in analysis, with different colors indicating data sources. The number of the tracks is
presented in Table 2.

TABLE 2 Details about data used in the paper.

Scheme CY_GPS CY_Galileo CY_BDS TDS_GPS TDS_Galileo
Track number 189 99 75 288 58
Time span 2017.8-2020.9 2017.8-2019.9 2018.9-2022.1 2014.9-2016.11 2015.5-2019.3

3 Methodology

- 3.1 Geometry of spaceborne GNSS-R-
Direc; Sienay 7~ __LEO Satellite based SSH estimation

~

GNSS Satellite

be reflected by the surface into the near-Earth-space and be received
by the low-Earth-orbit satellite (e.g., TDS-1 or CYGNSS satellite). In
b addition, a part of the GNSS satellite transmitted signal would also be
Sea Surface ; H received by the low-Earth-orbit (LEO) satellite directly. Compared
WGS-84 with the latter, the former travels an additional path length, which is
the path delay between the transmitter signal and the reflected signal,

r The geometry of spaceborne GNSS-R based SSH estimation is
! b \ shown in Figure 2. The signal transmitted by a GNSS satellite (e.g.,
: N\ GPS, Galileo, or BDS satellite) travels approximately 20,000 km to
1
'H, N reach the sea surface. Once the signal reaches the sea surface, it would
i
1
1
1

FIGURE 2

Geometry of spaceborne GNSS-R based SSH estimation. and the path delay can be expressed as follows:

p, =2H,sin0, (1)
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FIGURE 3

SSH retrieval procedure based on raw IF data.

where 0 is the GNSS satellite elevation angle and H is height of
the LEO satellite relative to the sea surface. Similarly, if the signal
transmitted by the GNSS satellite is reflected by a virtual surface
(e.g., surface of reference ellipsoid of World Geodetic System
1984, WGS84), the path delay can be written as follows:

p, =2H, sin0, (2)

where H, is the height of the LEO satellite relative to the virtual
surface.

The additional traveling path length of p, can be calculated
directly based on the 3D position of the GNSS satellite, LEO
satellite, and the virtual specular reflection point. If the length of
p; can be obtained with the LEO satellite received by direct and
reflected GNSS signals, then SSH of the reflection points of the
sea surface relative to the virtual surface can be obtained by

— P

SSH=H,-H, = .
2 ' 2sin6

(©)

The description mentioned previously summarizes the
geometry principle of the spaceborne GNSS-R based SSH
estimation. Obviously, the key of the method is estimation of
additional path length of p,, which is detailed in the following

contents.

3.2 SSH retrieval procedure

Figure 3 shows the SSH retrieval procedure using the GNSS-
R raw IF data. Because black body load is selected occasionally
during the sampling period and TDS-1 operated in high-latitude
orbit, data pre-procession is necessary to avoid disturbance of
black body observations and sea ice observations. In the
meanwhile, for satisfying the data quality requirement, a series
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of quality control steps should be conducted at first. The quality
control contents are listed as follows:

1) Specular points with latitude greater than 55° should be
eliminated to avoid coherent measurements from sea ice in
TDS-1 datasets.

The measurements used for black body calibrations should be
removed.

The incidence angle should be limited up to 60° and the wind
speed be set to be greater than 3 m/s to reduce the coherent
components in the reflected signals (Voronovich and
Zavorotny, 2018).

4) The signal-to-noise ratio (SNR) at SP is controlled in the scale
(-7.0 dB, 10 dB) to ensure that the incoherent component of
reflected signals dominate and avoid the impact of direct
signal interference.

To verify the accuracy of the transmitter orbit provided in
raw IF datasets, the precise ephemeris of Wuhan University
GNSS Research Center is used to calculate the position of the
transmitter at a given time stamp, and an 18-s delay was found
which might be due to the negligence of a leap second in the
conversion between GPSs and UTCs when metadata were
processed on the ground at UTC time stamp. Thus, a leap
second correction is needed in computing several time-
dependent parameters, such as tide correction and wind
speed. The error might reach to +0.3mm in 1-s SSH
measurements without correction.

After quality control and leap second correction, the IF data can
be used to perform coherent and incoherent integration, producing
a clear delay waveform to extract the observed path delay. With the
geometry relationship, the modeled path delay could be obtained by
geometry computation plus various corrections, and then the final
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Waveform of the reflected signal with different incoherent integration of (A) 20 ms, (B) 100 ms, and (C) 500 ms.

SSH measurements are calculated by the altimetry retrieval method
presented in the previous section.

3.3 Derivation of delay waveform from
raw IF

In the raw IF data processing stage of IEEC-GOLD, the signal
streams were integrated coherently at a constant period of 1 ms (Li
etal,, 2022). Thus, the complex delay waveform provided by the c(WF
file was with resolution of 1 ms. However, the amplitude of the
reflected signals is still weak than that of the direct signals; thus, it is
difficult to directly extract useful information from the waveform.
Hence, it is necessary to perform coherent integration and incoherent
accumulation for enhancing the strength of the useful signals.

3.3.1 Coherent and incoherent integration
The coherent and incoherent integration methods are
summarized by Yang et al. (2007). For clarity, the formulae of
coherent and incoherent integration are simplified as follows.
The coherent integration is directly superimposing the real
and imaginary parts of complex waveforms as follows:

N.-1

1 Ne
Zcoh (T) = F Z Zobs (nTc > T),

€ n=0

4

where T, = 1ms, N, is the number of coherent integrations, and
Zops represented the complex waveform at each time epoch. The
waveform after coherent integration needs to be incoherently
integrated by averaging the squared value of coherent integration:

Ni-1

L
N 2 e (To+nTi, P, (5)

! n=0

N;
Zinc<T0 + 7Ti > T) =

where T; = N.T, which means the waveforms with coherence
time of T.-ms are used to accumulate incoherently to generate
the final power waveform. N; is the time of incoherent average.
The final sampling rate of the waveform is T s = N,T;.
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3.3.2 Determination of integration duration

Figure 4 shows an example of a waveform with different
incoherent integration. The leading edge of the waveform
becomes sharper with the increase of incoherence time, which
indicates the signal quality improvement and thus the higher
SNR of the signal, making extraction of specular point
information and thus the estimation of SSH accurate. On the
other hand, the incoherent integration can also induce squared
loss, reducing the signal quality if the integral duration is longer
enough. In addition, because of the spatial variation of SSH, it
would produce a significant measuring error caused by remote
sensing geometry variation within the integral time. Therefore,
an optimal integration duration needs to be determined.

As the number of incoherent integration increases, the
waveform becomes clearer and the noise is smoothed at first.
However, when the incoherence time reaches a certain threshold,
the waveform gradually stabilizes and does not change any more.
At this time, the SNR of the waveform also tends to be stable. The
threshold is
integration duration and is of great interest.

named as minimum saturation incoherent

The minimum saturation incoherent integration duration varies
for each observation due to variation of geometry and the reflected
surface. An optimal integral duration should be determined that
enables all observed waveforms to reach a steady state by making use
of statistical methods. In the meanwhile, it should be verified that the
sea level change within the duration is in an acceptable range. Based
on the optimal integration duration, the clear waveform and thus
accurate SSH estimation can be derived.

3.4 Estimation of path delay using delay
waveform

3.4.1 Waveform retracking

The specular point in data is obtained by the Open Loop (OL)
tracker. There is distortion between the OL derivation value and
its ground-truth position due to real sea surface undulation
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FIGURE 5

Example of an observed waveform with a comparison of a
modeled waveform. The black dot is the specular point in a
modeled waveform; the red dot is the OL specular point in the
observed waveform; the red star is the true specular point in

the observed waveform. The corrected item At is the delay
difference between the OL specular point and the true specular
point in the observed waveform.

relative to the mean sea surface (MSS) level. Hence, an accurate
extraction of the specular point is necessary. The typical
waveform tracking algorithm includes leading-edge-derivative
(DER), the half-waveform method (HALF), and waveform fitting
(FIT) (Rius et al., 2010; Cardellach et al., 2014; Li et al., 2018; Hu
et al., 2020). Li has proven that DER and HALF methods show
similar precision through model derivation and data verification,
and the FIT method performs best but involves covariance
calculation (Li et al.,, 2018, 2019). The HALF method is used
here due to its efficiency. In addition, prior fraction F;, of the
specular point is added as a correction item to retracking.

The prior information is obtained from the simulated
waveform generated by the Z-V model implemented in
WavPy open-source library (Fabra et al, 2017; Voronovich
and Zavorotny, 2018). In waveform simulation, a series of
parameters needs to be set:

1) The type of the GNSS signal is controlled by the weight of the
GNSS composition.

2) The difference of GNSS-R instruments including front-end
parameters is shown in Table 1 and antenna pattern
(CYGNSS: a given 2-D map, TDS-1: spline interpolation).

3) The coherence time.

4) The sea surface wind speed is obtained from the European
Centre for Medium-Range Weather Forecasts (ECMWF)
ERAS reanalysis data, and the mean sea surface slope is
computed directly in the model.

Then, F sp 18 calculated in the modeled waveform:
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mod
_ Py -N
sp szﬁ —N’

(6)

in which, PZ’I',Dd and pmod

moe. represent the power value at the

specular point and the peak point, respectively, and N is the noise
floor. The nominal specular point could be obtained by the factor
Fp. Thus, the residual bistatic delay could be corrected by At:

P =F,- (Pok -N), @)

At = tobs _ tubs (8)

true sp

in which, P?ff and P

o represent the power value at the

obs ;
to. is the true

specular point and the peak point, respectively;
delay of the specular point (red star in Figure 5) corresponding to
power of ngs in the leading-edge of observed waveform; and t;’ff
is the on-board calculated delay of the specular point (red dot in
Figure 5) derived by the OL tracker.

3.4.2 Atmospheric delay estimation

Due to the long-distance transmission and the discrepancy
in the propagation path between the direct signal and the
reflected signal, effects of the atmosphere on the received
GNSS signals are inevitable. Errors caused by atmospheric
effects include ionospheric and tropospheric delay errors. For
obtaining an accurate altimetry result, these errors should be
corrected.

Because current GNSS-R instruments used by the CYGNSS
and TDS-1 are all of single frequency, the approach with the
ionospheric-free combination eliminating ionospheric error is
inapplicable; therefore, a reference ionospheric model is needed
to remove the impact of the ionosphere. There are three
ionospheric models commonly used: Klobuchar model
(Klobuchar, 1987), international reference ionosphere (IRI)
model (Bilitza, 2015), and IGS Global Ionospheric Total
Electron Content Maps (GIMs) (Iijima et al., 1999). It has
been found that the difference among these models is only
1-2 TECU, which is sub-meter corresponding to the range
with the L1 C/A code, and the GIM is suggested for
ionospheric  correction  of  single-frequency  altimeter
observations for its stability (Jin, 2012). Here, the GIM model
is used for estimating the ionospheric delay. The tropospheric
delay is estimated at SP using the Saastamoinen model
(Saastamoinen, 1972) and the Neil mapping function (Niell,
1996) with 2-meter temperature and mean sea-level pressure
interpolated from ECMWEF ERA5 reanalysis data and the water
vapor calculated from the empirical, dimensional variable
relative humidity in UNB3m (Leandro et al.,, 2006).

3.4.3 SSH observation retrieval

Once the delay path of SP is derived from the spaceborne-
based raw IF data and the atmospheric delay is also estimated,
SSH observation at the SP relative to the WGS-84 ellipsoid can be
obtained by
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TABLE 3 Proportion of incoherence time to achieve stable signal
quality.
1000 ms (%)

1500 ms (%) 2000 ms (%)

GPS L1 C/A 81.08 93.53 97.09
Galileo E1 OS  81.15 94.00 97.10
BDS B1 08 83.31 95.17 97.60
ion tro
o = PP ont) = (putpy) ©)
2sin 6
where p, is the ranging correction value of At and plon and pfro

are the ionospheric and tropospheric delay, respectively.

It is important to note that, the coordinates of the receiver
and the transmitter given in metadata are calculated based on the
precise ephemeris results with a leap second; the undulation from
Earth Gravitational Model 2008 (EGM 2008) should be
considered for avoiding inaccurate values caused by the
deviation between the real sea surface and the reference
ellipsoid. In addition, the geometric information of the
receiver and the transmitter should be synchronized to the
same epoch because of the signal flight time (Hu et al., 2018).
Then, the DTU18 mean sea surface (Andersen et al.,, 2018) is
treated as the reference value to evaluate the GNSS-R based SSH
results. The mean surface model represents the low-frequency
component of ocean variation. To accurately evaluate GNSS-R
based SSH precision, the tide error is also under consideration.
The ocean and load tide are computed with the global ocean tide
model (GOT4.10), and the solid tide is corrected by the
IERS2003 model. The tide correction will be added to the
reference sea level to evaluate the altimetry precision.

4 Results and discussion
4.1 Optimal integral duration

To evaluate the GNSS-R spaceborne ocean altimetry
performance of multiple constellation signals and receiver
platforms, the first step is the determination of optimal
integral duration of the waveform. A summarization of the
minimum saturation incoherent integral duration has been
conducted using different transmitter signals separately.

By analyzing the datasets of the CYGNSS, for GPS L1 C/A
signals, Galileo El, and BDS Bl open service (OS) signals,
incoherent integration time required for waveform stabilization
and corresponding proportion is listed in Table 3; with incoherence
time of 2,000 ms, 97% observations could achieve its maximum
SNR and stable waveform for all three signals. To reduce altimetry
retrieval error induced by insufficient incoherent integration, a
resolution of 2s will be chosen and will satisfy the goal to study
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FIGURE 6
Along-track MSS variation of 2s specular points.

optimal ocean altimetry performance of multiple constellation
signals.

Based on the DTU18 model, the mean sea surface height of 2s
SP has been statistically analyzed, and 96% of the along-track MSS
variation is within 0.8 m as shown in Figure 6. In such case, 2s or
even higher resolution could be employed because the variation of
reflection geometry and the reflecting surface properties induced by
the spatial change is acceptable compared with the measuring
accuracy of GNSS-R altimetry. Therefore, the final resolution of
25 (2,000 m incoherent integration) is used in the following analysis.

4.2 Altimetry performance of multiple
constellation signals

Due to the differences in configuration of receiver radio
frequency (RF) front-end and characteristics of GNSS signals,
ocean altimetry performance is varying for different GNSS-R
receivers. Previous analysis about the SNR with an integration
duration of 1s shows that the mean SNRs from Galileo and BDS
are 1~2 dB lower than that from GPS; the mean SNRs of TDS-1 are
2~4 dB lower than that of the CYGNSS, when the wind speed is as
the same (Nan et al,, 2021). In general, a higher SNR means better
signal quality and higher altimetry precision. To assess the GNSS-R
altimetry accuracy with an integration of 2s, the intertrack precision
of 2s waveform is computed. It should be noted that the SSH
measurements are converted to ranging to remove the dependency
of elevation angle; and an adjustment method relying on prior MSS
is implemented here as in Song et al. (2020), in which residual
ranging errors are fitted with a cubic function to remove systematic
errors and to analyze precision in one track. The ranging precision is
expressed by the standard deviation (STD) after adjustment. Finally,
the ranging precision and the mean SNR at SP of each track are fitted
with an exponential function as a deformation of the analytical
model of the statistics of the incoherently averaged waveform (Li
et al, 2018):
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TABLE 4 Coefficients of the fitted curve and potential altimetry precision assuming the elevation angle of 30°.

CY_GPS CY_Galileo
A 2.039 0.920
B 0.286 0.330
C 2.375 1.975
Precision 1.187 0.987

CY_BDS TDS_GPS TDS_Galileo
1.078 1.434 1.118
0.282 0.272 0.298
1.909 5.458 3.843
0.954 2.729 1.921

m
aP

=a-e

P, —
SNR =10 - log,, “’N

+c

—b-SNR

where Py, is the power at the specular point and N is the noise
floor of the waveform; " is the ranging precision; and a, b, and ¢
are the coefficients of exponential fitting. The physical meaning
of a corresponds to the ranging sensitivity which only depends on
the autocorrelation properties of the transmitted signal (Li et al.,
2018). After selection and procession, the data for ultimate
analysis contain 181 tracks for CYGNSS—GPS (CYg),
88 tracks for CYGNSS—Galileo (CYg), 63 tracks from
CYGNSS—BDS (CY¢), 282 tracks for TDS-1—GPS (TDSg),
and 53 tracks for TDS-1—Galileo (TDSg).

The fitted curves for five groups are presented in Figure 7,
and coefficients of the fitted curves are listed in Table 4.
According to Figure 7, all the curves show the same
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pattern, i.e. the ranging precision improves with the
increase of the waveform SNR; when the SNR is large

enough, the variation reaches saturation and the curve

converges, which means the random noise no longer
dominates signal quality and the residual error comes from
the altimetry algorithm and the instrument itself. In addition,
the distribution of measurements of TDSg; is more discrete
than that of CY as shown in Figure 7A and D, same for TDSg
and CY as shown in Figure 7B and E, which indicates TDS-1
data are more seriously contaminated by random noise and
speckle noise. In addition, the mean SNR of CYGNSS data is
-0.61 dB, which is consistent with the previous result derived
by Li et al. (2019), while the mean SNR of TDS-1 is -1.82 dB.
The higher SNR of the CYGNSS is closely linked to its better
RF front-end and antenna configuration. In addition, since the
orbit altitude of the CYGNSS satellite is lower than that of the
TDS-1 satellite, the signal strength attenuation of the former,
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which is induced by propagation of the GNSS signal in the
space, should be lower than that of the latter.

From the fitted curve presented in Figure 7, the relationship
of overall ranging precision among different satellite
constellations is BDS > Galileo > GPS and CYGNSS > TDS-1,
generally. From the aspect of fitted expression (11), a represents
the amplitude of ranging precision, and its reciprocal is the
ranging sensitivity in the meanwhile. Table 4 shows that
Galileo/BDS is more sensitive in ranging than GPS due to a
definitely smaller a value. The reason of this is that subcarriers
are employed in Galileo/BDS E1/B1 OS original modulation,
resulting in narrower (auto-correlation function) ACF main peak
and steeper leading edge which accounts for the better sensitivity.
The value c represents the final possible precision when the curve
converges, and the SNR is large enough that the effect of random
noise is fully eliminated. In CYGNSS datasets, the ultimate
ranging precision can reach up to 2.375m for GPS, 1.975m
for Galileo, and 1.909 m for BDS. Apparently, the performance of
Galileo and BDS when the SNR in sufficient is better than that of
GPS. In TDS-1 datasets, the ranging precision can reach up to
3.843 m for Galileo, which is better than that of GPS (5.458 m).
Galileo and BDS show greater altimetry potential than GPS,
although Galileo/BDS shows a lower SNR under the same wind
speed due to smaller footprints as mentioned previously. It is
explained that the pseudorandom ranging code length of the E1/
B1 OS signal is several times greater than that of the GPS L1 C/A
code (E1 by a factor of 4, B1 by a factor of 10), which could be
understood as the E1/B1 OS signals have conducted observations
repeatedly for one target, thus leading to better precision.

The improvement of potential ranging precision in TDSg
compared to TDSg is 30%, while the one in CYr compared to
CY is about 17%. Galileo E1 signals show greater improvement
in final possible precision in TDS-1 datasets. In these two groups
of comparison separately, the receiver platform and RF front-end
configuration are all fixed except for the receiver bandwidth of
TDS-1 as presented in Table 1, which can be controlled by
software to adjust the bandwidth to 4.2 MHz when receiving
the Galileo signal. Therefore, this discrepancy should be caused
by the adjustable receiver bandwidth with which the instrument
onboard TDS-1 can capture the full bandwidth of the OS signals
from Galileo, while the potential of Galileo/BDS OS signals is not
fully developed in the CYGNSS for its narrower receiver
bandwidth. That is, the receiver bandwidth is a great
limitation for using the Galileo El signal for ocean altimetry
in the CYGNSS, and it is supposed to achieve a better
improvement in ranging precision in the future with a
sufficient instrument bandwidth.

4.3 Coherent integration

Coherent integration is another effective method to increase
signal processing gain and SNR. The navigation bit correction
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has already been conducted in raw IF data procession; thus, the
1I/Q component can be superimposed without considering phase
The depends
characteristics of the real reflected signal. A relationship

reversal. coherence time on coherence
between coherence and reflection geometry derived by Born

and Wolf (2013)is asfollows:

Dist x A

= 12
diam x vel (12)

where Dist is the distance between the ‘active’ reflecting surface
and the receiver; A is the carrier wavelength; diam is the
equivalent diameter of the ‘active’ surface; and vel is the
velocity of the receiver. For the first iso-delay ellipsoid, the
E1/B1 OS signals apparently generate a smaller ‘active’ surface
due to a wider bandwidth and narrower leading-edge, leading to
a longer coherence time with respect to GPS L1. The influence of
integer coherent integration (2ms and 3 ms) on altimetry
performance is assessed based on a 1-ms complex waveform.
A same procedure as in Section 4.1 is conducted after coherent
integration, and 2 ms coherent integration with 2,000 times
incoherent accumulation, and 3 m coherent integration with
2,000 times incoherent accumulation are set. Longer coherent
integration is unnecessary not only for limited bandwidth and
coherence but also for more incoherent times required and low
final resolution of SSH observations.

From Table 5, relevant conclusion can be drawn as follows:

For original 1 ms complex waveform directly conducting
incoherent integration, extra negative bias is found both for
CYg and CY¢, comparing to CYg. In data procession,
geometry model, and several corrections, no variable is
concerned about the kind of transmitted signals. Only the
integral processing method (longer coherence time) required
by the E1/B1 OS signal and insufficient coherence time while
processing complex waveform may contribute this SSH estimate
anomaly.

After coherent integration, the bias is eliminated well for CY g
and CY¢, which means more accurate single-point precision.
This is because a shaper and clearer waveform could be obtained
by coherent integration, facilitating the extraction of true SP
accurately. The optimal coherence time depends on signal
coherence. For CYGNSS-collected GPS L1 data, the result of
1 ms coherent integration shows a mean bias of -2.46 m, which is
most likely due to the uncorrected ionospheric effect, orbit
uncertainty, and other systematic errors. An extra bias is
introduced with the increase of coherent integration as shown
in the first three columns in Table 5. The coherence between
L1 signal observations does not support longer coherence time,
and the current 1 ms is a reasonable duration. Therefore, 1 ms
results of GPS L1 signals are taken as the reference. For BDS
B1 signals, the mean bias of 3 ms coherence time is -2.30 m,
which is similar to the reference. The coherent integration has
performed well for negative bias correction, and 3 ms is more
suitable due to lower bias, STD, and RMSE. For the Galileo
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TABLE 5 Averaged SSH bias, STD,

GPS Galileo
Bias STD RMSE Bias

1 m with 2000 —2.463 4.479 5.845 -7.308

2 m with 2000 -8.706 4.110 10.057 ~5.490

3 m with 2000 —6.857 4323 8.987 —4.311

E1 signal, applying 2 ms and 3 ms coherence time, the bias is
corrected to -5.49 m and -4.31 m. It is believed that there is still
room for improvement, and higher coherence time could be
considered but not tested in this analysis, limited by the length of
a single data piece.

Comparing to only performing incoherent integration, the
composition of coherent and incoherent integration absolutely
performs better. In this case, incoherent integration is no longer
the only factor affecting the signal quality and SSH measurement
accuracy. In addition, the coherent integration is an effective way to
increase SSH retrieval accuracy from the aspect of bias. On the other
hand, this waveform processing strategy will sacrifice spatial
resolution which should be balanced in realistic application.

5 Conclusion

GNSS-R is a promising technique because of the high spatial
resolution of 5km x 5 km and temporal resolution of mean
revisit time of 7 hours and mid revisit time of 3 h, providing
nearly gap-free Earth coverage. Although the altimetry accuracy
technique is inferior than the traditional radar altimetry
the GNSS-R-based SSH altimetry technique
provides the possibility to measure mesoscale sea-surface
height. With the increasing number of GNSS satellites, GNSS-
R has gained increasing attention from the community.

techniques,

This study presents the performance of the spaceborne GNSS-R
code phase ocean altimetry with CYGNSS and TDS-1 collected GPS,
Galileo, and BDS observations. By determining the optimal
integration duration, their best altimetry precision is evaluated and
compared using raw IF data. The raw IF data not only contain full
waveform with higher delay resolution with respect to L1 data but also
provide the opportunity to investigate the optimal integral duration
for ocean altimetry with 1 ms observations. After extracting the
waveform from raw IF datasets, a HALF method with model
waveform simulated by WavPy library is applied to get the
accurate position of SP in the waveform. Then, the geometry of
spaceborne GNSS-R based SSH is implemented combined with
several error corrections, such as ionospheric, tropospheric, and
tide corrections to retrieve sea-surface height observations.

The determination of the optimal integral duration is
fundamental for assessing the spaceborne GNSS-R ocean
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and root mean square error (RMSE) of each track for CYg, CYg, and CYc.

BDS
STD RMSE Bias STD RMSE
3348 8.308 -6.673 3,578 8.156
2756 6.633 -3.324 2.941 5370
2774 5.933 -2.301 2.931 4.998

altimetry performance of multiple constellation signals. With
current available data, through calculations about the along-track
MSS variation and minimum integration time required to maximize
the SNR of waveform, a resolution of 2s is adopted to satisfy most of
the scenarios for GPS, BDS, and Galileo systems. After validation of
the feasibility of GNSS-R ocean altimetry, the precision of five
of different
systematically analyzed by exponential fitting.

combinations receivers and transmitters is

The results show that ocean altimetry accuracy is 2.375 m,
1.975 m, and 1.909 m for CYGNSS collected GPS L1, Galileo E1,
and BDS Bl band signals, respectively, and the accuracy is
5.458 m and 3.843 m for TDS-1 collected GPS L1 and Galileo
E1 band signals.

CYGNSS shows a more outstanding altimetry performance
than TDS-1 in general due to the better configuration of RF
front-end and the antenna pattern. In addition, the Galileo/BDS
data are more sensitive to ranging than GPS due to their narrower
leading-edge. Because of the shorter pseudorandom ranging code,
the Galileo/BDS signals show better altimetry performance. A larger
improvement between TDS; and TDSg in comparison with CYg
and CY i, indicates that receiver bandwidth is the main limitation for
current GNSS-R ocean altimetry. In addition, the ionospheric delay
error is still a limitation for ocean altimetry although partly
calibrated by the GIM model, which is regarded as the main
systematic error source.

Insufficient coherence integration leads to bias for signals
from Galileo and BDS. In addition, the combined processing of
coherent and incoherent integration is more efficient than pure
incoherent integration. For Galileo and BDS E1/B1 OS signals,
coherence time is higher than 3 ms, and 3 ms is suggested
separately on the basis of 1 ms waveform, while current 1 ms
coherence time is appropriate for GPS L1 signals.

As proved by Li et al. (2016), mesoscale sea surface features can
be resolved down to 100 km using 2-day measurements of six
receivers onboard COSMIC-2B. Similar spatial coverage and
accuracy indicate the potential of the CYGNSS for resolving 2D
mesoscale features to complement existing precision nadir
altimeters. Meanwhile, based on the accuracy performance of the
satellite system signals and the signal-to-noise ratio, the weight of a
given satellite system can be determined, and by weighted averaging
different satellite system-based SSH estimations, a higher precision
SSH result can be obtained theoretically.
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