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The altimetric quality and the along-track spatial resolution are the critical parameters to
characterize the performance of interferometric global navigation satellite systems
reflectometry (iGNSS-R) sea surface altimetry, which is closely related to each other
through signal processing time. Among them, the quality of sea surface height (SSH)
measurement includes precision and accuracy. In order to obtain higher altimetric quality in
the observation area, a longer signal processing time is needed, which will lead to the loss
of spatial resolution along the track. In contrast, higher along-track spatial resolution
requires more intensive sampling, leading to unsatisfactory altimetric quality. In this study,
taking the airborne iGNSS-R observation data as an example, the relationship between the
altimetric quality and the along-track spatial resolution is analyzed from the perspectives of
precision and accuracy. The results indicate that the reduction in the along-track spatial
resolution will improve the altimetric quality. The accuracy range is 0.28–0.73 m, and the
precision range is 0.24–0.65 m. However, this change is not linear, and the degree of
altimetric quality improvement will decrease as the along-track spatial resolution worsens.
The research results in this paper can provide a scientific reference for the configuration of
parameters for future spaceborne iGNSS-R altimetry missions.

Keywords: interferometric global navigation satellite systems reflectometry (iGNSS-R), altimetric quality, along-
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INTRODUCTION

As an effective and innovative bistatic radar remote sensing technology, the global navigation satellite
system reflectometry (GNSS-R) can measure a series of physical parameters of the earth’s surface by
using GNSS reflected signals, including the sea surface wind speed (Garrison et al., 2002; Katzberg
et al., 2006; Foti et al., 2015), the sea surface height (SSH) (Lowe et al., 2002; Rius et al., 2010;
Cardellach et al., 2014; Gao et al., 2021) and the soil moisture (Masters et al., 2004; Rodriguez-Alvarez
et al., 2009; Wu et al., 2021), etc. Among them, the height of the earth’s reflecting surface relative to
the reference ellipsoid can be obtained by measuring the path delay between the direct signal and the
reflected signal (Martin-Neira, 1993). Since Martin-Neira first proposed the concept of Passive

Edited by:
Jinyun Guo,

Shandong University of Science and
Technology, China

Reviewed by:
Fan Gao,

Shandong University, China
Lavinia Tunini,

Istituto Nazionale di Oceanografia e di
Geofisica Sperimentale, Italy

*Correspondence:
Wei Zheng

zhengwei1@qxslab.cn
Fan Wu

wufan@qxslab.cn

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Environmental Informatics and Remote
Sensing,

a section of the journal
Frontiers in Earth Science

Received: 25 June 2021
Accepted: 03 November 2021
Published: 25 November 2021

Citation:
Liu Z, Zheng W, Wu F, Kang G, Sun X

and Wang Q (2021) Relationship
Between Altimetric Quality and Along-
Track Spatial Resolution for iGNSS-R
Sea Surface Altimetry: Example for the

Airborne Experiment.
Front. Earth Sci. 9:730513.

doi: 10.3389/feart.2021.730513

Frontiers in Earth Science | www.frontiersin.org November 2021 | Volume 9 | Article 7305131

ORIGINAL RESEARCH
published: 25 November 2021

doi: 10.3389/feart.2021.730513

http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2021.730513&domain=pdf&date_stamp=2021-11-25
https://www.frontiersin.org/articles/10.3389/feart.2021.730513/full
https://www.frontiersin.org/articles/10.3389/feart.2021.730513/full
https://www.frontiersin.org/articles/10.3389/feart.2021.730513/full
https://www.frontiersin.org/articles/10.3389/feart.2021.730513/full
https://www.frontiersin.org/articles/10.3389/feart.2021.730513/full
http://creativecommons.org/licenses/by/4.0/
mailto:zhengwei1@qxslab.cn
mailto:wufan@qxslab.cn
https://doi.org/10.3389/feart.2021.730513
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2021.730513


Reflection and Interference System (PARIS) in 1993, this
technology has been verified on various platforms such as
ground (Martin-Neira et al., 2001; He et al., 2021), shipborne
(Gao et al., 2020), airborne (Lowe et al., 2002; Ruffini et al., 2004;
Cardellach et al., 2014), and satellite (Clarizia et al., 2016; Li et al.,
2018; Cardellach et al., 2019). Compared with the traditional
radar altimeter, GNSS-R altimetry has the advantages of low cost,
multi-simultaneous observation, and high spatial coverage.

According to the signal processing method of obtaining path
delay, cGNSS-R (conventional GNSS-R) and iGNSS-R
(interferometric GNSS-R) are mainly used in GNSS-R sea
surface altimetry at present. The cGNSS-R technology cross-
correlates the locally generated replica of the transmission
signal with the reflected signal for a certain time (typically
1 ms) after proper compensation of the Doppler frequency
shift (Zavorotny et al., 2014). Therefore, cGNSS-R needs to
use the GNSS signals with known structure, such as L1C, L2C,
L5 of GPS, B1I, B1C, B2a of BDS-3 et al. However, the maximum
bandwidth of the above signals can only reach 20.46 MHz, which
limits the altimetric quality and the along-track spatial resolution
(Cardellach et al., 2014). In order to overcome the bandwidth
limitation, ESA proposed PARIS in-orbit demonstrator mission
(PARIS IoD) in 2011 (Martin-Neira et al., 2010), which aimed to
realize the signal interference processing originally proposed by
Martin-Neira (Martin-Neira, 1993), i.e., iGNSS-R technology.
The iGNSS-R technology makes complex cross-correlation
between the direct signal and reflected signal, which can fully
use the spectral components in the GNSS signal, and the
bandwidth can reach 25 to 50 MHz. The sharper
autocorrelation function can be obtained using the wider
bandwidth, which will significantly improve the altimetric
quality and the along-track spatial resolution (Li et al., 2016).

The altimetric quality and the along-track spatial resolution
are the key indicators to characterize the iGNSS-R altimetry
performance. It is worth noting that altimetric quality mainly
includes precision and accuracy. Among them, the altimetric
precision is mainly affected by zero-mean random error, and the
altimetric accuracy is mainly determined by the total absolute
measurement error affected by the additional random and
deterministic errors (Li et al., 2019). The along-track spatial
resolution represents the ability of spatial sampling along the
orbit of iGNSS-R altimeter, which can be expressed as Ra_t � vSP ·
Tcoh ·Nincoh (vSP is the speed of the specular point along the
ground track, Tcoh is the coherent integration time and Tincoh is
the number of samples incoherently averaged) (Cardellach et al.,
2014). The along-track spatial resolution can be improved by
reducing signal integration time. However, the decrease in the
number of independent waveform samples will increase the
impact of speckle noise, resulting in a loss in the signal-to-
noise ratio (SNR), which will increase the uncertainty of the
waveform retracking and ultimately make the altimetric quality
poor. Currently, there is no iGNSS-R altimetry satellite in orbit.
In contrast, ESA has released several iGNSS-R altimetry mission
plans in recent years, such as the PARIS IOD (Martin-Neira et al.,
2010), the GNSS reflectometry, radio occultation, and
scatterometry onboard the International Space Station
(GEROS-ISS) (Wickert et al., 2016), the “Cookie” constellation

(Martín-Neira et al., 2016) and the GNSS Transpolar Earth
Reflectometry exploriNg system (G-TERN) (Cardellach et al.,
2018). The airborne experiment (as shown in Figure 1) is usually
used as a pre-research technology for satellite missions. At
present, some experimental flight campaigns have been carried
out, among which the more typical are the two missions carried
out by the Institut d’Estudis Espacials de Catalunya (IEEC) in the
Baltic Sea, which are called PIRA (Cardellach et al., 2014) and
SPIR (Ribo et al., 2017). Based on this observation, a series of
researches on the altimetric quality and the along-track spatial
resolution of iGNSS-R were carried out. In 2014, Cardellach et al.
used the PIRA observation data to analyze the altimetric precision
of cGNSS-R and iGNSS-R under different signal processing
times, and simulated the low-orbit iGNSS-R altimetry
performance. The results showed that increasing the signal
processing time will significantly improve the altimetric
precision (Cardellach et al., 2014). In 2017, Ribo et al. first
published the SNR results of the SPIR waveform under multi-
GNSS (Ribo et al., 2017). In the same year, Li et al. studied the
altimetric precision of the SPIR with the signal processing time in
1, 10, and 100 s (Li et al., 2017). In 2019, Fabra et al. analyzed the
altimetric accuracy of the SPIR mission when the signal
processing time was 10 s. The results show that the altimetric
accuracy ranges from 0.09 to 0.66 m according to different signal
sources and elevation angles (Fabra et al., 2019). Nevertheless,
there has not been a comprehensive study on the relationship
between the iGNSS-R altimetric quality (i.e., altimetric precision
and accuracy) and the along-track spatial resolution.

Different from previous studies, taking the experimental data
of airborne interferometric GNSS-R provided by IEEC as an
example, the altimetric precision and accuracy under different
signal integration times are calculated in this paper. Then,
through the relationship between the signal integration time
and the along-track sampling, the relationship between the
airborne iGNSS-R altimetric quality and the along-track
spatial resolution is comprehensively analyzed from two

FIGURE 1 | Scheme of the airborne iGNSS-R altimeter theoretical
method.
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aspects of the altimetric precision and accuracy. The purpose of
this study is to provide a reference for the payload and orbit
design of the future iGNSS-R altimetry satellites.

DATA SETS

In this study, we used the iGNSS-R airborne observation data, the
DTU15 global mean sea surface model and the DTU global tide
model. Among them, we used the iGNSS-R airborne observation
data to retrieve the SSH, and the DTU15 global mean sea surface
model and the DTU10 global ocean tide model to construct the
SSH validation model.

iGNSS-R Airborne Experiment Campaign
The iGNSS-R observation data used in this study come from the
airborne experimental campaign carried out by IEEC onDecember
3, 2015. The mission location is in the Baltic Sea near Helsinki,
Finland (as shown in Figure 2). The critical point of this mission is
using the new-generation iGNSS-R receiver developed by IEEC for
the first time, which can collect primitive and complex GNSS
reflection signals from 16 front-ends at a sampling rate of 80MHz.
The operating frequency band includes all commonly used GNSS
L1, L2, and L5 bands (Fabra et al., 2019).

In this study, we used the observation data of GPS PRN01 in
the L1 band with a time of 40001-40600 (GPS SOD, i.e., GPS
seconds of day) for a total of 10 min.

Sea Surface Height Validation Model
In order to obtain the altimetric accuracy, it is necessary to
compare the SSH retrieved by iGNSS-R observation with the
measured SSH data. However, we used the validation model in
this study due to the lack of measured SSH data.

In this study, we used the DTU15 MSS model and the DTU10
global tide model to construct the SSH validation model:

SSHref � DTU15MSS +DTU10Tide (1)

The DTU15 mean sea surface (MSS) is a global high-spatial
resolution (2 arc-min) mean sea surface model released by the
Technical University of Denmark (DTU) in December 2015.

Compared with the previous version, the most significant
improvement of DTU15 model is the use of improved
Cryosat-2 LRM, SAR, and SAR-In data (Skourup et al., 2017).

The DTU also releases the DTU10 global tide model. The
DTU10 considered the influence of wavelength and water depth
of diurnal and semidiurnal tidal components, and uses the
dynamic difference method based on depth to interpolate the
correction value into the FES 2004. The load tide uses the
calculation results of the FES 2004. The grid resolution is
7.5′×7.5′ (Turner et al., 2013).

SIGNAL PROCESSING AND SEA SURFACE
HEIGHT RETRIEVAL METHODS

In this section, we illustrate the theoretical method of the SSH
inversion from the raw IF data, including the signal processing,
the delay estimation and the SSH retrieval. Figure 3 shows the
whole process.

Signal Processing
Raw Signal Processing
After receiving the raw IF data through the zenith and nadir
antennas, it needs further processing to obtain the complex
waveforms. This research adopts the original data processing
method provided in Fabra et al. (2019). First of all, the direct and
reflected signals are combined through beamforming. After that,
the direct and reflected signals are cross-correlated in the
frequency domain, and a total of 6 × 105 complex waveforms
(1 ms) c(t, τ) are obtained. Compared with the signal processing
method of cGNSS-R, the main difference of iGNSS-R is the need
for beamforming and the use of the observed direct signal as the
correlation input.

Coherent Integration and Incoherently Averaged
In order to reduce the influence of thermal and speckle noise, and
improve the SNR of the power waveform, it is necessary to
perform coherent integration (Tcoh) and a large number of
incoherent averages (Nincoh) on the complex waveform (1 ms)
(Zavorotny et al., 2014):

w(T0 +Nincoh · Tcoh/2, τ) � 1
Nincoh

∑Nincoh−1

n�0
c(nTcoh, τ) (2)

where T0 is the start time of the signal processing.
The corresponding power waveform is:

W(T0 +Nincoh · Tcoh/2, τ) � |w(T0 +Nincoh · Tcoh/2, τ)|2 (3)

It is worth noting that waveform alignment is needed before
the incoherent averages (Park et al., 2012). In this study, the
coherent integration time is 1, 2, 5, and 10 ms, respectively, and
the average number of incoherent is 1,000 (i.e., 1 s incoherent
average time).

Delay Estimation
Accurate estimation of the delay at the specular point is the key to
ensure the iGNSS-R altimetry quality. The initial delay can be

FIGURE 2 | Flight path of the experimental data over Baltic Sea used in
this study.
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obtained through waveform retracking. In addition, the
correction of delay errors is needed, such as the tropospheric
delay and the zenith-nadir antenna baseline delay.

Waveform Retracking
The reflected waveform retracking is based on comparing
measured and modeled waveforms (Li et al., 2019). The
modeled waveform corresponding to each measured waveform
in this paper is obtained through the Z-V model implemented in
the “wavpy” GNSS-R open-source software (Fabra et al., 2017).
Currently, the waveform retracker mainly includes HALF (the
point at a fraction of the peak power), DER (the point with the
maximum of waveform’s first derivative), and FIT (fitting the
waveform to its model) (Li et al., 2019). In this study, we used the
DER to estimate the delay of the specular point along the
waveform (Cardellach et al., 2014):

τsp � τobsDER + (τmodel
sp − τmodel

DER ) (4)

where τobsDER is the delay corresponding to the maximum derivative
point calculated from the measured waveform, τmodel

sp and τmodel
DER

represent the specular point delay and derivative maximum point
delay of simulation waveform respectively.

Delay Correction
The troposphere goes generally from the ground to 15 km altitude.
Due to the high humidity of the sea surface and the different
transmission paths of direct and reflected signals, the deviation
caused by the troposphere to the airborne iGNSS-R delay
estimation cannot be ignored. In this study, we used the model
provided in Jin et al. (2014) to estimate the tropospheric delay:

τtrop � 2
2.3
sin θ

(1 − e−HR/Htrop) (5)

where θ is the elevation angle at the specular point,HR represents
the height of the iGNSS-R receiver. TheHtrop is the height of the
troposphere at the observation location (we takeHtrop � 8,621 m).

The zenith-nadir antenna baseline delay τantenna is obtained by
the path difference between the zenith antenna and the nadir
antenna relative to the specular point.

Sea Surface Height Retrieval
After correcting the delay error of the specular point, the
ellipsoidal height of the sea surface above the WGS84
reference ellipsoid can be obtained by the geometric
relationship of the airborne iGNSS-R (Li et al., 2019):

SSHiGNSS−R � τsp − (τtrop + τantenna)
2 sin θ

−HR (6)

Altimetric Quality Standard
Altimetric Precision
The altimetric precision is affected by zero-mean random error,
mainly due to the random nature of the received signals caused by
thermal and speckle noise. The measured SSH sequence is
subtracted from a fitted piecewise linear function to form zero
mean, near white noise SSH residuals (Li et al., 2017). Therefore,
we define the altimetric precision as:

σp � SSHiGNSS−R − Fit(Ti) (7)

where Fit() is the linear fitting equation based on the measured
SSH, Ti is the epoch.

FIGURE 3 | Schematic flow chart of the process followed by SSH inversion from raw IF signals.
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We define the average altimetric precision of N specular
points as:

�σp �
∑N

i�1
∣∣∣∣∣σ i

p

∣∣∣∣∣
N

(8)

Altimetric Accuracy
In this study, we define the altimetric accuracy as the difference
between the measured SSH and the validation SSH:

σa � SSHiGNSS−R − SSHref (9)

We define the average altimetric accuracy of N specular
points as:

�σa � ∑N
i�1
∣∣∣∣σ i

a

∣∣∣∣
N

(10)

RESULTS AND DISCUSSION

Power Waveform
The power waveform is the database for obtaining the iGNSS-R
altimetric quality. Among them, the altimetric precision is
directly related to the SNR of the waveform, and the
acquisition of the altimetric accuracy requires the power
waveform retracking to calculate the delay of the specular
points. In this study, the coherent integration time is set to 1,
2, 5, and 10 ms, and the number of the incoherent average is
1,000, so the signal processing time is 1, 2, 5, and 10 s,
respectively. Since a total of 10 min of airborne iGNSS-R
observations are used, the corresponding number of the power
waveform is 600, 300, 120, and 60, respectively.

Figure 4 presents the iGNSS-R power waveform results at
different signal processing times. Although the longer of signal
processing time will generate the greater noise amplitude, it will
increase the amplitude of the waveform power more significantly.

In this study, we define the SNR of the waveform as (Lowe
et al., 2002):

SNRwf � max[W(τ)] − Anoise

σnoise
(11)

whereAnoise is the average noise amplitude of the waveform, σnoise
is the standard deviation of noise amplitude. According to
Equation (11), the corresponding SNR of 1, 2, 5, and 10 s
power waveforms is 8.69, 11.09, 14.82, and 17.04 dB, respectively.

Relationship between Altimetric Precision and Along-Track
Spatial Resolution.

Based on the airborne iGNSS-R power waveform obtained by
the signal processing, the altimetric precision corresponding to
each specular point is calculated according to Equation (7). The
results (Figure 5) show a clear stable distribution of the altimetric
precision with the increase of signal processing time, suggesting a
significant role played by the SNR. According to Equation (8),
the average altimetric precision under different along-track
spatial resolutions is calculated. The relationship between the
average altimetric precision and along-track spatial resolution is
intuitively presented in Table 1 and Figure 6.

These results indicate that the altimetric precision of iGNSS-R
gradually increases as the along-track spatial resolution decreases.
However, this dependence is not linear. When the along-track
spatial resolution changes in the range of 50 m–150 m, the
altimetric precision changes sharply, and then the fluctuation
of the altimetric precision becomes relatively weak with the
increasing of the along-track spatial resolution, which is
mainly due to the increase of signal processing time, and the
SNR will tend to the stable state.

In order to estimate the performance of PARIS IOD, Martin-
Neira et al. (2010) established a model of altimetric precision
and SNR:

σp � c

2 sin θS
					
Nincoh

√ · W(0)
W(0)′ ·

																			(1 + 1
SNR

)2

+ ( 1
SNR

)2
√

(12)

where c is the speed of light in vacuum,W(0) is the signal power
at the specular point, W(0)′ is the first derivative value at the
specular point. Based on the SNR results in Section Power
Waveform and Equation (12), the precision results under the
model are calculated. The model precision results have an average
deviation of 0.17 m from the results in Figure 6. We consider that
the precision model does not take into account the correlation
between power waveform and noise. The correlation between
waveforms in the airborne scene is significantly stronger than that
in the spaceborne scene (You et al., 2004), which leads to the
precision estimation deviation using the model in the
airborne scene.

Relationship Between Altimetric Accuracy
and Along-Track Spatial Resolution
According to the iGNSS-R power waveform and the DER
retracking algorithm, combined with Equation (6) and
Equation (9), the SSH and the altimetric accuracy are
calculated. The results (Figure 7) demonstrate that the SSH

FIGURE 4 | Power waveform of airborne iGNSS-R under different signal
processing time.
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inversed from the airborne iGNSS-R observations is in good
consistency with the validation model. As the coherent
integration time increases, the deviation between SSHiGNSS-R

and SSHref gradually decreases. The main reasons for the
deviation are as follows.

1) In this study, only the tropospheric delay and the zenith-nadir
antenna baseline delay were considered in the altimetry retrieval,
and other errors such as the aircraft positioning error and the
flight altitude were not included in the SSH inversion.

2) The signal processing time ranges from 1 s to 10 s. Although
the SNR of the reflected signal has been improved, there are
still some speckle and thermal noise in the power waveform.

3) The validation model SSHref is obtained based on the inversion
of observation from multiple remote sensing and gravity
satellites for many years, which has good stability. However,
the airborne experimental campaign only performed a single
measurement at the observation area, and the results have
certain randomness, which led to the deviations between the
inversed SSH results and the validation model.

According to Equation (10), the average altimetric accuracy
under different along-track spatial resolutions is calculated, and
the results are given in Table 2 and Figure 8.

FIGURE 5 | Airborne iGNSS-R altimetric precision under different signal processing time.

TABLE 1 | The performance of the altimetric precision and the along-track spatial resolution.

Coherent integration time
(ms)

Along-track spatial resolution
(m)

Altimetric precision (m)

1 55.13 0.65
2 109.80 0.48
5 274.44 0.32
10 548.67 0.24

FIGURE 6 | Altimetric precision as a function of along-track spatial
resolution under airborne scene.
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The result of the altimetric accuracy changes with the along-track
spatial resolution is similar to that in Section Relationship Between
Altimetric Accuracy and Along-Track Spatial Resolution. The
altimetric accuracy increases as the along-track spatial resolution
decreases due to the steeper lead-edge of the power waveform, thus
improving the accuracy of the specular point delay estimation.

Advices for Future Spaceborne iGNSS-R
Altimetry Missions
Combined with the airborne experimental results, in order to give
more accurate suggestions for future iGNSS-R altimetry satellite

missions, the altimetric precision is simulated based on the
NASNRM model (Liu et al., 2019), SNR model of direct signal
(Jin et al., 2014) and the precision model (Martin-Neira et al.,
2010). Simulation parameters are shown in Table 3. Combined
with the simulation results of spaceborne iGNSS-R altimetric
quality and along-track spatial resolution, the advices for future
spaceborne iGNSS-R altimetry missions as follows.

1) The future iGNSS-R sea surface altimetry satellites require
high-gain zenith and nadir antennas. The iGNSS-R altimetric
precision increases as the along-track spatial resolution
decreases, mainly due to the increase in signal processing

FIGURE 7 | Airborne iGNSS-R altimetric accuracy under different signal processing time.

TABLE 2 | The performance of the altimetric accuracy and the along-track spatial resolution.

Coherent integration time
(ms)

Along-track spatial resolution
(m)

Altimetric accuracy (m)

1 55.13 0.73
2 109.80 0.55
5 274.44 0.37
10 548.67 0.28
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time that improves the SNR of the waveform. The increase in
the antenna gain can also increase the SNR of the waveform,
which can reduce the signal processing time and thereby
improve the along-track spatial resolution. The
performance of spaceborne iGNSS-R altimetry under

different gains when the elevation angle is 75 degrees is
presented in Figure 9. The results show that the amplitude of
accuracy varies with spatial resolution becomes gentle with
the increase of antenna gain. When the antenna gain is
greater than 20 dBi, the altimetric precision can be better
than 1 m at the spatial resolution of 10 km. Of course, the
increase in gain will also improve the quality of the antenna,
which needs to be considered in the design of the satellite
system.

2) The future spaceborne iGNSS-R receiver should be designed
for all available GNSS satellites. Gao et al. (2019) studied the
distribution of specular reflections under different GNSS
systems. Compared with only the GPS as the illuminator,
the number of specular reflection events is 3.75 times higher
when the transmitter is four-system GNSS (i.e., GPS, BDS,
GALILEO, and GLONASS), which indicates that the
geometric relationship of iGNSS-R under four-system
GNSS is better than only GPS, and reflection events with
higher elevation angles can be obtained. The spaceborne
iGNSS-R altimetry at different elevation angles is simulated
when the antenna gain is 23 dBi. As shown in Figure 10, the
influence of elevation angle on iGNSS-R altimetry
performance is significant. When the spatial resolution is
10 km, the altimetric precision is 2.20 m when the height
angle is 45 degrees and 0.25 m when the height angle is 85
degrees. Therefore, it can be predicted that the increase in the
number of signal sources will significantly improve the
iGNSS-R altimetry performance.

3) The future iGNSS-R altimetry satellites need to use wider
bandwidth signals. The signal bandwidth is one of the main
factors limiting the performance of GNSS-R altimetry. The
iGNSS-R technology breaks through the limitation that
cGNSS-R technology can only use signals with known
structure. In the future iGNSS-R satellites can use signals
with a wider bandwidth than GPS L1, such as Galileo E5 Full.
The signal bandwidth of Galileo E5 Full can reach 51 MHz, so
the spectral spatial resolution of Galileo E5 Full can be
1.43 times higher than that of GPS L1 Full. In addition, the
altimetry sensitivity of Galileo E5 Full signal in the spaceborne
scene can reach 0.19 m−1, so the altimetric precision of Galileo

FIGURE 8 | Altimetric accuracy as a function of along-track spatial
resolution under the airborne scene.

TABLE 3 | System and instrument parameters of the simulated spaceborne
iGNSS-R altimeter.

Parameter Value

GNSS-R Satellite Orbital Altitude (km) 635
Receiver Bandwidth (MHz) 30
Signal Bandwidth (MHz) GPS L1 (Full Composite): 25
Signal Frequency (MHz) 1,575.42
EIRP (dBw) 34 (optimistic)
Antenna Equivalent Noise Temperature (K) Zenith Antenna 500

Nadir Antenna 550
Antenna Radiation Efficiency (%) 100
U10 Wind Speed (m/s) 10
Wave Spectrum Model Elfouhaily
Altimetry Sensitivities (m−1) 0.089

FIGURE 9 | Relationship between precision and spatial resolution under
different antenna gains at elevation angle of 75 degrees in the
spaceborne scene.

FIGURE 10 | Relationship between precision and spatial resolution
under different elevation angle at antenna gains of 23 dBi the
spaceborne scene.
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E5 Full can be improved by 2.13 times compared with GPS L1
Full under the same SNR.

CONCLUSION

The altimetric quality and the along-track spatial resolution are
critical parameters in the design of the spaceborne iGNSS-R
altimetry missions. In order to reduce the error caused by the
simulation, this research uses the airborne iGNSS-R altimetry
experimental observation to analyze the relationship between the
altimetric quality and the along-track spatial resolution from two
perspectives precision and accuracy, in order to obtain more
precise information of ocean activities under the condition of
ensuring the altimetric quality. This study calculated the
altimetric precision and accuracy under different along-track
spatial resolutions by changing the signal processing time. The
results indicate that the iGNSS-R altimetric quality increases with
the decrease of the along-track spatial resolution. The range of
altimetric precision is 0.24–0.65 m, and the altimetric accuracy is
0.28–0.73 m. However, this relationship is not linear, and the
increase in altimetric quality gradually weakens as the along-track
spatial resolution decreases, which is determined by the
relationship between the power waveform characteristics and
the signal processing time.

The estimated altimetry performance of spaceborne iGNSS-R
altimeter is also discussed in this paper. The higher antenna gain
and better GNSS observation geometry can obtain better
altimetric quality with the same along-track spatial resolution.
In addition, the GNSS signal under the new system will also bring
available opportunities for the improvement of iGNSS-R
altimetry. It is worth noting that we used the ideal instrument
parameters in the simulation. Some errors generated in the
practical application are not considered, such as the antenna
efficiency, the power loss in the receiver channel, and phase error
in beamforming. Of course, the increase of SNR can reduce the
impact of the above errors on altimetry performance estimation.

This study verified the interdependence between the altimetric
quality and the along-track spatial resolution, providing a
theoretical reference for the balanced selection of the two
parameters in the future spaceborne iGNSS-R altimetry missions.

In future research, due to the correlation between waveform
and noise in signal processing, it is necessary to establish an

optimization model of altimetric precision and effective coherent
integration time to evaluate the optimal signal processing time.
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