
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING 1

Assessment of Spaceborne GNSS-R
Ocean Altimetry Performance Using

CYGNSS Mission Raw Data
Weiqiang Li , Member, IEEE, Estel Cardellach , Senior Member, IEEE, Fran Fabra ,

Serni Ribó , Member, IEEE, and Antonio Rius

Abstract— This article assesses the ocean altimetry perfor-
mance of spaceborne Global Navigation Satellite Systems reflec-
tometry (GNSS-R) by processing the raw data sets collected by
the Cyclone GNSS (CYGNSS) constellation. These raw data sets,
i.e., the intermediate frequency signal streams before any receiver
processing, are processed on the ground with a software receiver,
from which the reflected waveforms of GPS L1, Galileo E1,
and BeiDou-3 B1 band open service (OS) signals are generated
following the conventional GNSS-R approach. By using different
retracking algorithms, the bistatic delays of the reflected signals
are derived from these waveforms, in which the retracking biases
are removed with the specular point (SP) delay and power
information computed from the corresponding waveform model.
After applying a set of standard delay corrections, the bistatic
delay observations are converted into sea surface height (SSH)
measurements and compared with the mean SSH model. Both
the random error (precision) and systematic effects (accuracy)
are characterized with intratrack and intertrack analyses of
the bistatic delay measurements. The two-way ranging precision
can reach up to 3.9 and 2.5 m with 1-s GPS and Galileo
group delay measurement (a factor of ∼2 better for altimetry
solution), and its evolution with the signal-to-noise ratio shows
good consistency with the theoretical model. A significant delay
dispersion of 3.0 m between different tracks is found, which is
mainly attributed to the receiver orbit error and ionospheric
correction residuals. These results can provide useful inputs for
the development of future GNSS-R missions dedicated to ocean
altimetry applications.

Index Terms— Bistatic radar altimeter (RA), Cyclone Global
Navigation Satellite System (CYGNSS), GNSSs reflectometry,
ocean altimetry.

I. INTRODUCTION

GLOBAL Navigation Satellite System reflectometry
(GNSS-R) has been a valid option for earth observation

and remote sensing during the past decades. Since the first pro-
posal of the PAssive Reflectometry and Interferometric System
(PARIS) concept for mesoscale ocean altimetry in 1993 [1],
several theoretical and experimental studies have expanded this
bistatic radar concept to different remote sensing applications
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over various types of natural covers. Comprehensive introduc-
tions of GNSS-R technique and its applications can be found
in [2]–[4].

As in traditional radar altimeters (RAs), GNSS-R also
measures the sea surface height (SSH) through the time delay
of the reflected signal, which can be derived from the temporal
evolution of the reflected radar pulse of GNSS ranging codes
(known as waveform). GNSS-R code delay altimetry has been
demonstrated in different airborne experiments [5]–[10], and
more recently with spaceborne data collected by the U.K.
TechDemoSat-1 (TDS-1) [11]–[14] and NASA Cyclone GNSS
(CYGNSS) missions [15]–[17]. In parallel, several researchers
have been working on GNSS-R altimetry using carrier phase
observations (e.g., [18]–[23]) of higher precision but limited
applicability (e.g., over sea ice or inland water), which are not
discussed in this article.

The low received power level and the limited bandwidth
of the reflected GNSS signals are the main limitations for
GNSS-R code delay altimetry. The power of the GNSS
signal after reflected from the sea surface is much lower
than the direct signal, and thus down-looking antennas with
higher gain are normally required, which is one of the main
constraints for the definition of a GNSS-R spaceborne mission.
In addition, the bandwidth of the transmitted GNSS signals
(∼2–20 MHz) is much narrower compared to traditional
RAs (e.g., ∼300 MHz), implying poorer one-shot altimetry
precision (i.e., altimetry precision with a single waveform).
Based on different airborne experiment results, theoretical
studies have been made in [7] and [24]–[28] to develop
the precision models for GNSS-R ocean altimetry. Some
of these models have been extrapolated to spaceborne
scenarios, which predicted that spaceborne GNSS-R ocean
altimetry precision can range from 1 to 3 m with 1 second
measurement of GPS L1 C/A code signal. However, these
predictions are not consistent with the previous spaceborne
GNSS-R ocean altimetry results in [11] and [17], which have
shown worse altimetry precision (e.g., ∼7–10 m with 1 Hz
resolution).

As the instruments onboard TDS-1 and CYGNSS were
designed for GNSS-R scatterometry applications, there are
several limitations to use their products for ocean altimetry,
such as the lack of precise orbit information, the uncertainty
in ionosphere delay correction due to their single-frequency
measurements. These error sources can significant increase the
total altimetry uncertainty, and thus mask the truly achievable
altimetry precision.
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In this work, we focus on the assessment of GNSS-R
altimetry performance using the raw data sets collected by
the CYGNSS mission [29], which are the signals sampled
at intermediate frequency (IF) before any demodulation, and
downlinked directly to the ground stations. The main purpose
of using these raw data sets is to overcome the inaccu-
rate/truncated delay variables in the Level 1 metadata. For
example, the main variable for reconstructing the onboard
open-loop (OL) delay, i.e., add_range_to_sp, is truncated
to 0.1 chip numeric precision (∼30 m). Moreover, besides
GPS L1 C/A code signal, reflected signal from Galileo and
BeiDou-3 satellites can be also processed from the raw IF
data. Although the bandwidth of the CYGNSS instrument
(∼2.5 MHz) is not sufficient to capture the full bandwidth of
the E1/B1 open service (OS) signals (∼4 MHz), these observa-
tions from the Galileo and BeiDou-3 satellites can still provide
the opportunities to assess the altimetry performance of the
navigation signals with different bandwidths and modulations.

Generally speaking, GNSS-R SSH measurement is affected
by zero-mean random error (commonly referred to as the
altimetry precision) and by additional random and determinis-
tic errors that affect the total absolute measurement error (or
altimetry accuracy). The former is mainly due to the random
nature of the received signals caused by thermal noise and
speckle, and the latter is normally induced by the systematic
errors from the instrument calibration, receiver orbit, and
atmosphere miscorrection effects. To appropriately charac-
terize the altimetry performance in terms of both precision
and accuracy, both along-track (or intratrack) and intertrack
analyses have been performed in this work. As most of the
systematic error terms can be considered to be constant along
a short specular point (SP) track (e.g., a few hundreds of
kilometers), the altimetry precision can be computed from the
along-track dispersion of the altimetry measurements. On the
other hand, these systematic errors can vary over larger spatial
and time scales, and thus can be characterized through the
intertrack dispersion of the altimetry measurements between
different tracks. Such characterization can help the community
better understand the main sources of GNSS-R altimetry
errors, and further validate the altimetry precision models with
real spaceborne data.

The rest of this article is organized as follows: the main
data sets, i.e., the CYGNSS raw IF data, and their processing
are introduced in Section II; the altimetry retrieval, including
the waveform retracking, the delay corrections, and the SSH
inversion, are explained in Section III; in Section IV, both
intratrack and intertrack analyses are applied to the CYGNSS
derived SSH measurements, from which the random error and
systematic biases are characterized; finally, the limitations of
the current spaceborne GNSS-R data sets for ocean altimetry
are discussed, which can provide useful inputs for the devel-
opment of future GNSS-R missions dedicated to altimetry
applications.

II. CYGNSS RAW DATA PROCESSING

A. Description of the Data Sets

As a NASA’s Earth Venture Program mission, CYGNSS
mission consists of a constellation of eight microsatellites for

innovative research and applications using GNSS-R technique.
The primary objective is the measurement of near-surface wind
speed over the ocean in and near the inner core of tropical
cyclones [29]. The main data products of this mission are the
delay-Doppler maps (DDMs) of the forward scattered power
and the bistatic radar cross sections, which are stored in the
Level 1 data product together with the corresponding metadata.
It is worth mentioning that CYGNSS operates continuously
over both ocean and land, and some other scientific utilities
have been demonstrated [30].

The CYGNSS instruments also record the raw IF signal
samples of the direct and reflected signals occasionally to
explore other possible applications. Each raw data set consists
of one raw IF data file and its metadata file: the raw data
file includes three sets of raw signal sample streams (∼60 s)
received by the zenith antenna and the nadir antennas at
port and starboard; and the metadata file mainly provides
the CYGNSS spacecraft (SC), the instrument, and the timing
information. The bandwidth of the raw signal is ∼2.5 MHz
centered at the IF of ∼3.8 MHz. The IF signals are sam-
pled with a sampling rate of ∼16.0 MHz and a quantizer
resolution of 2 bits per sample for both direct and reflected
channels. As the Galileo E1 and BeiDou-3 B1 civil signals
share the same center frequency with GPS L1 C/A signal
(1575.42 MHz), their direct and reflected signals within the
instrument bandwidth were also recorded in the raw data files,
which are also processed for altimetry analyses.

To process the CYGNSS raw data for ocean altimetry,
the ancillary information about the orbits and altitude of the
GNSS transmitters and CYGNSS receivers are also collected.
The orbit and altitude information of the CYGNSS SCs
is extracted from the CYGNSS Level 1 data. To compute
the positions of the GPS/Galileo satellites, the multi-GNSS
experiment (MGEX) data of the International GNSS Service
(IGS) [31] are collected. In addition, the precise ephemeris
of the BeiDou-3 satellites provided by the Xi’an Research
Institute of Surveying and Mapping (XISM) are also used in
the processing.

There are 43 sets of raw data selected in this work, which
were collected during August 2017 and November 2018 over
the Gulf of Mexico, the Caribbean Sea, and the western
Atlantic Ocean, mostly during the presence of hurricanes.
The CYGNSS SCs ground tracks of these raw data sets are
presented in Fig. 1. From these raw data sets, 170 SP tracks
are selected for ocean altimetry based on the signal-to-noise
ratio (SNR) of the reflected signal and the incidence angle
(as will be described in Section III-C), which are also shown
in Fig. 1 with different colors to indicate the sources of the
transmitter (99 tracks from GPS, 66 tracks from Galileo, and
5 tracks from BeiDou-3).

B. CYGNSS Raw Signal Processing

The processing of the CYGNSS raw IF samples consists
of close-loop processing of the direct signal and an OL
processing of the reflected signals. The ancillary information,
including the positions, velocities, and timing information of
the GNSS transmitters and CYGNSS SCs are extracted from
the GNSS precise ephemeris files and the CYGNSS raw IF
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Fig. 1. SCs ground tracks and the SPs tracks of the CYGNSS raw IF data collections over the Gulf of Mexico, the Caribbean Sea, and the western
Atlantic Ocean from August 25, 2017 to November 2, 2018. There are totally 43 raw data collections with 170 tracks of the SPs used in altimetry analyses.
The SPs from different GNSS systems (GPS, Galileo, and BeiDou-3) are identified with different colors.

Fig. 2. Block diagram of CYGNSS raw samples processing. The main steps
of the processing include the direct signal processing, the geometry and OL
tracking model computations, and the reflected signal processing. In addition
to the CYGNSS raw IF signal samples, the orbit information of the CYGNSS
SCs and the GNSS satellites are used as the ancillary information. The main
outputs of the processing are the complex waveforms of the direct and the
reflected signals.

and L1 metadata. A brief block diagram of the CYGNSS raw
data processing is presented in Fig. 2.

1) Direct Signal Processing: The direct signal is processed
following a generic GNSS signal processing scheme [32].
After a coarse acquisition of the code offset and the carrier

Doppler, the direct signal is tracked through a combination of
a delay-locked loop (DLL) and a phase-locked loop (PLL).
The outputs of the tracking loops are the time series of the
code offset and the carrier frequency/phase of the direct signal.
These time series are then smoothed with a third-degree poly-
nomial function to reduce the random code/carrier tracking
errors. In addition, the navigation bits (or the secondary code
for Galileo E1C and BeiDou-3 B1C pilot components) D(t)
are also decoded from the outputs of the tracking loops.

The smoothed code offset ψd(t), carrier frequency fd(t)
and carrier phase φd(t) are then used to generate the local
carrier and code replicas over a range of delays τ , which are
cross-correlated with the signal received by the zenith antenna
sup(t) to generate the complex waveform of the direct signal
zobs

d (t0, τ ) as

zobs
d (t0, τ ) =

∫ Tc/2

−Tc/2
sup(t0 + t1)c[ψd (t0 + t1)+ τ ]

×D(t0)e
− j2π[ fd (t0)t1+φd (t0)]dt1 (1)

in which Tc is the coherent integration time, t0 is the mea-
surement epoch of the complex waveform, c(·) is the local
generated code replica. The integration time Tc is set to
1 millisecond, and the start time of each integration is aligned
with the pseudo random noise (PRN) code boundary to avoid
bit transition during the integration. For Galileo E1B/E1C and
BeiDou B1D/B1P signals, the local generated code replica c(·)
is the product of the PRN code and the square wave subcarriers
of the binary offset carrier (BOC) modulation. It is noted that
the code phase of the local generated replica are computed for
each sample (as τd is the function of t1), which implies that the
code Doppler effect is also taken into account in (1). As will
be shown in (6), the cross-correlations for the direct and the
reflected signals are synchronized to the same signal receiving
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time, i.e., the complex waveform of the reflected signal is also
generated at the same measurement epoch t0 in (6).

In addition, the complex waveform of the direct signals
received by the nadir antennas sidelobe leakage are also
generated for instrument calibration [15]

zobs
cal (t0, τ ) =

∫ Tc/2

−Tc/2
sdw(t0 + t1)c[ψd(t0 + t1)+ τ ]

×D(t0)e
− j2π[ fd(t0)t1+φd (t0)]dt1 (2)

where sdw is the signal received by the nadir antennas, and zcal
is the complex waveform for instrument calibration.

2) Open-Loop Tracking Model: The positions and velocities
of CYGNSS SCs from the L1 data are determined from the
1 Hz single-frequency GPS position measurements with meter-
level precision. To reduce the random orbit uncertainty, these
orbit positions are smoothed by a third-degree polynomial
fitting with a 60-s sliding window. The positions of the GNSS
satellites are interpolated from the IGS MGEX and XISM
precise ephemeris products.

With the positions of the transmitter T(t0) and the receiver
R(t0) interpolated at the correlation epoch t0, the coarse
position of the SP S(t0) is computed with the “WavPy”
GNSS-R open source software library [33] using the World
Geodetic System 1984 (WGS84) ellipsoid as the reference
surface. As the direct and reflected signals received at the
same correlation time tag t0 are transmitted at different time
epochs due to the different geometric range over the direct
and reflected paths, the propagation times of the direct and
reflected signals δtd and δtr can be computed by

δtr = |T(t0)− R(t0)|
c

δtr = |R(t0)− S(t0)| + |T(t0)− S(t0)|
c

(3)

in which c is the speed of light in vacuum. The fine positions
of the SP S�(t0) are updated by using the new positions of the
transmitter T(t0 − δtr ), then the range difference between the
direct and the reflected signal is computed by

δρdr(t0) = |R(t0)− S�(t0)| + |T(t0 − δtr )− S�(t0)|
−|T(t0 − δtd )− R(t0)| (4)

From the bistatic delay of the reflected signal, the code
phase (ψr ), carrier phase (φr ) and carrier frequency ( fr ) of
the reflected signals can be predicted by

ψr (t) = ψd(t)− δτdr(t) · fC

φr (t) = φd(t)− δτdr(t) · fL1

fr (t) = fd (t)− ∂

∂ t
δτdr(t) · fL1 (5)

in which δτdr = δρdr/c is the time delay between the direct
and the reflected signal, fL1 = 1575.42 MHz and fC =
1.023 MHz are the carrier frequency and the chip rate of
the open access signals at GPS/Galileo/BeiDou L1/E1/B1 fre-
quency bands.

3) Complex Waveform of the Reflected Signal: The selection
of the raw samples from the port or starboard antennas is based
on the direction of arrival of the reflected signal, which is
computed from the position and velocity of the CYGNSS SC
and the position of the SP. With the model of the reflected
signal parameters computed in (5), the complex waveform of
the reflected signal zobs

r is generated by cross-correlating the
reflected signal sr with the local code and carrier replicas

zobs
r (t0, τ ) =

∫ Tc/2

−Tc/2
sdw(t0 + t1)c[ψr (t0 + t1)+ τ ]

×D[t0 + t1 − δτdr(t0)]e− j2π[ fr(t0)t1+φr (t0)]dt1 (6)

in which the coherent integration time Tc for the reflected
signal is also set to 1 ms.

It is worth to mention that the Galileo E1 and BeiDou-3 B1
OS signals consist of two components (data and pilot) [34],
[35]. Since the navigation data bits and the secondary code
have been compensated in the cross correlation, the complex
waveforms of the data and pilot components can be combined
coherently to generate the waveform of the composite data and
pilot signals.

4) Coherent and Incoherent Integration: After removing
the navigation data bits and the carrier phase dynamic, the
1-ms complex waveforms for the direct signal can be further
integrated coherently to increase the SNR. After integrating
Nc complex waveforms coherently, the power waveforms of
the direct signals can be generated by

Zobs
d (τ ) =

∣∣∣∣∣
1

Nc

Nc−1∑
n=0

zobs
d (nTc, τ )

∣∣∣∣∣
2

Zobs
cal (τ ) =

∣∣∣∣∣
1

Nc

Nc−1∑
n=0

zobs
cal (nTc, τ )

∣∣∣∣∣
2

(7)

in which the coherent integration time NcTc is set equal to the
length of the raw sample streams.

For the spaceborne case, the coherence time of the
reflected GPS L1 C/A code signal is close to 1 ms based
on the analysis in [28] and [36], which slightly depends
on the orbit altitude, incidence, and azimuth angles. The
coherence time of the reflected Galileo and BeiDou-3 OS
signals is longer (∼1.5 ms) due to the smaller footprint
size and narrow Doppler bandwidth. However, in this study,
a constant coherent integration time of 1 ms has been chosen
as a matter of convenience due to the PRN code periods
of GPS, Galileo, and BeiDou OS signals. Based on this
consideration, the 1-ms complex waveforms of the reflected
signal are directly averaged incoherently to generate the power
waveform as

Zobs
r

(
T0 + NI

2
Tc, τ

)
= 1

NI

NI −1∑
n=0

∣∣zobs
r (T0 + nTc, τ )

∣∣2 (8)

in which the number of incoherent average NI is 1000
(i.e., 1 s incoherent average time) for the reflected signals.

The examples of the direct and reflected power waveforms
for GPS and Galileo signals are presented in Fig. 3. The dif-
ference between the waveforms of the direct signals from the
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Fig. 3. Examples of the measured waveforms of GPS and Galileo satellites. (a) Power waveforms of direct GPS L1 C/A code signals received by the
zenith and starboard antennas. The power waveforms are generated from the raw data collected by the CYGNSS SC #8 on October 8, 2017. The signal is
transmitted by GPS PRN07 satellite with an elevation of ∼58.8◦. (b) Measured and modeled power waveform of reflected GPS L1 C/A code signal. The
measured waveform is generated from the same raw data set as in (a). (c) Power waveforms of direct Galileo E1 B/C signals received by the zenith and port
antenna. The power waveforms are generated from the raw data collected by the CYGNSS SC #6 on August 25, 2017. The signal is transmitted by Galileo
PRN02 satellite with an elevation of ∼71.8◦. (d) Measured and modeled power waveform of reflected Galileo E1 B/C signals. The measured waveform is
generated from the same raw data set as in (c).

zenith and down-looking (starboard or port) antennas is due
to the different frequency responses for the up- and down-
looking channels. In addition, it is clearly shown that the
waveform leading edge of reflected Galileo E1B/C signal is
much steeper than GPS L1 C/A code signal, implying better
ranging sensitivity.

III. ALTIMETRY RETRIEVAL

The OL tracking model applied in the signal processing
only takes the WGS84 ellipsoid surface as the reference. Over
topographic surfaces, it is unable to maintain the reflected
waveform at the nominal tracking position in the window due
to surface elevation variations. By computing the departure
of the waveform from its nominal position (known as the
residual bistatic delay), the surface height with respect to the
WGS84 ellipsoid surface can be retrieved.

A. Waveform Retracking

For the conventional GNSS-R processing, the residual bista-
tic delay can be computed by measuring the delay differ-
ence between the direct and reflected power waveforms. The
delay of the direct waveform is derived directly from its
peak position. The reflected waveform retracking is based on
comparing the measured waveform against its model. Three
different retrackers, i.e., DER (the point with the maximum of
waveform’s first derivative), HALF (the point at a fraction of
the peak power), and FIT (fitting the waveform to its model),
are used in this work.

The retracking is based on the waveform model. The
main purposes of the waveform model are: 1) to provide
prior or correction information for the DER and HALF retrack-
ers and 2) to provide the corresponding waveform model
for the FIT retracker. For each observed power waveform,
its corresponding model is generated according to the Z–V
model [37] implemented in “WavPy” GNSS-R open-source
software library [33]. The following aspects are noted for the
waveform modeling.

1) The waveform model is generated for each 1-s power
waveform at T0, and the geometry is computed following
the same way as described in Section II-B2.

2) The sea surface wind speed and direction are obtained
from the European Centre for Medium-Range Weather
Forecasts (ECMWF) ERA5 reanalysis products [38].
The sea surface slope probability density function (pdf)
is assumed to be a 2-D zero-mean Gaussian distribution,
and the mean square slopes of up- and cross-wind are
approximated using the calibrated sea surface roughness
model in [39].

3) The receiver frequency response shows significant dif-
ferences between different receiving channels (zenith,
port, and starboard) and among different CYGNSS
SCs. The calibration power waveform of the direct
signal Zcal(τ ) obtained in (7) is used as the GNSS
signal autocorrelation function (ACF) in our waveform
simulation, in which the frequency responses of the
transmitter and receiver down-looking signal processing
chains [40], the PRN dependent ACF deviation [41]
are taken into account in the modeled waveform. It is
noted that the instrumental delay between the up- and
down-looking channels is also included in the modeled
waveform through this calibration, and can be corrected
automatically in altimetry retrieval. However, it is worth
mentioning that the calibration signal is received from
the sidelobe of the nadir antenna, which could induce
significant nonidealities in the frequency response.

4) The projection of the antenna pattern over the sea surface
can also change the spatial power distribution of the
reflected signal around the SP and thus the shape of
the power waveform. The calibrated antenna pattern for
each CYGNSS SCs has been used in the waveform
simulation.

5) In addition, the covariance of each power waveform CZ

is also generated following the method in [28], which
indicates the correlation between different waveform
lags.

With the knowledge of the SP delay τm
sp in the modeled

waveform Zm
r (τ ), we define the factor Fsp indicating the

tracking point for the HALF retracker as

Fsp = Zm
r

(
τm

sp)− Nm
0

max
[
Zm

r (τ )− Nm
0

] (9)



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

6 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING

in which Nm
0 is the noise floor of the modeled power waveform

computed by averaging the waveform along the delay lags
before the reflected signal. It is worth noting that this factor
shows significant dependence on geometry, and ranges from
∼0.69–0.76 for the waveform of GPS C/A code signal and
from ∼0.67–0.71 for Galileo E1 and BeiDou-3 B1 OS signals.

In addition, the delay difference between the maximum of
waveform’s first derivative τm

DER and the nominal SP is also
computed as the correction term for the DER retracker

	τ corr
DER = τm

sp − τm
DER. (10)

For different elevation and azimuth angles,	τ corr
DER ranges from

∼16.8–26.7 m for GPS C/A code signal and from ∼6.1–9.4 m
for Galileo E1 and BeiDou-3 B1 OS signals.

1) HALF Retracker: The HALF method is derived from
traditional monostatic radar altimetry, which takes the delay
at a given fraction of the peak power. Instead of using
a fixed factor as in [9] and [14], we retrack the HALF
point for each observed waveform by applying the adaptive
factor Fsp derived from its corresponding model following
(9). The delay of the tracking point τ obs

HALF is determined from
the observed waveform after a fast Fourier transform (FFT)
interpolation.

2) DER Retracker: This retracker defines the tracking point
at the peak of the first derivative of the waveform, in which
the delay of the tracking point τ obs

DER is the solution of

∂2

∂2τ
Zobs

r (τ ) = 0 (11)

The first and second derivative of the waveform is computed
in the frequency domain using FFT, and the DER point is
determined by fitting a third-degree polynomial to the second
derivative of the waveform’s rising edge and analytically
computing the zero-crossing point based on the derived poly-
nomial [42].

The derived DER delay is then corrected with 	τ corr
DER

computed from the corresponding modeled waveform by (10)
to remove the bias between the DER point and the nominal
SP

τ obs,corr
DER = τ obs

DER +	τ corr
DER. (12)

3) FIT Retracker: The FIT retracker estimates the wave-
form delay by fitting the model to the observed wave-
form, which follows the maximum-likelihood estimator (MLE)
described in [28]. The MLE is applied to the observed and
modeled waveform after removing the floor noise, and the
amplitude and delay of the modeled waveform are tuned to
minimize the negative log-likelihood function below

θ̂ = arg min
θ

[
ln |CZ (θ)| + eT (θ)C−1

Z e(θ)
]

(13)

in which θ = [α, τ0] is a 2-D parameter space to be esti-
mated, α is the amplitude of the waveform, τ0 is the delay
of the waveform, e is the residual vector, i.e., the difference
between the measured and modeled waveforms, i.e., e(α, τ0) =
Zobs,s

r (τ )− αZm,s
r (τ + τ0).

Taking the delay estimated with the HALF method τ obs
HALF

and the ratio between the peaks of the modeled and measured

waveforms as initial values, the delay and amplitude of the
waveform are estimated by applying (13) to the waveform’s
leading edge, i.e., [τ obs

HALF − 1, τ obs
HALF + 0.5] chips, with an

exhaustive search method.

B. Delay Correction

The residual bistatic delay derived in Section III-A also
includes the excess delays due to the antennas baseline, and
the geophysical effects of the ionosphere and troposphere.

1) Ionosphere Delay Correction: In the computation of the
ionosphere delay correction, only the incident and reflected ray
paths of the signal, i.e., the ray between the GNSS satellite
and the SP, and the ray between the CYGNSS SC and the SP,
are considered. The ionospheric pierce points (IPPs) for each
path are computed by assuming the ionospheric shell height
of 400 km, and the vertical total electron content (vTEC)
values at each IPP is derived from the IGS global ionospheric
map (GIM). By applying an obliquity factor [32, p. 312],
the vTECs are mapped to the slant total electron contents
(sTECs), which are then converted to the slant path delays as
the ionosphere delay correction term δρiono. It is noted that the
ionosphere above the orbit altitude of the CYGNSS satellite
(∼500 km) is not considered in our computation, which is one
of the main error sources of our ionosphere delay correction.

2) Troposphere Delay Correction: The zenith hydrostatic
and wet delays are computed at the specular position fol-
lowing the Hopfield model [43] with the surface pressure,
2-m temperature and vertical integral of water vapor obtained
from the ECMWF ERA5 reanalysis data [38]. By applying
obliquity factor [32, p. 318], the zenith delay components are
then projected to the directions of the incident and reflected
paths to get the two-way slant troposphere delay δρtropo.

3) Antenna Baseline Correction: The zenith and nadir
antennas are mounted separately on the top and bottom of
the CYGNSS SCs, which also generates excess delay to the
reflected signals. Given the coordinates of the zenith naviga-
tion antenna and the two nadir science antennas, the antenna
baseline vectors, defined as their relative positions, have been
computed by considering the attitude angles of the SC. The
antenna baseline correction δρbl can be computed by projecting
the corresponding baseline vector into the direction between
the SP and the CYGNSS SC.

C. Sea Surface Height Inversion

After applying the delay correction terms obtained in
Section III-B to the residual bistatic delay derived from
different retrackers in Section III-A, the ellipsoidal height
of the sea surface H obs

e above the WGS84 ellipsoid can be
computed with the bistatic geometry [1]

H obs
e = −cτ obs

rtrk − (δρiono + δρtropo + δρbl)

2 cos i
(14)

in which i is the incidence angle, and τ obs
rtrk is the residual

bistatic delay derived from different retrackers, i.e., τ obs
HALF,

τ o,corr
DER and τ obs

FIT.
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Fig. 4. Two examples of SSH retrieved from reflected signals from (a) GPS and (b) Galileo satellites. (a) SSH measured with 1-s power waveforms generated
from the raw data collected by the CYGNSS SC #8 on October 8, 2017 [from the same raw data set as in Fig. 3(a)]. The reflected signal is from GPS
PRN07 satellite with an elevation of ∼58.8◦. The SNR of the power waveform at the SP is ∼6.0 dB. The sea surface wind speed along the track of the
SP is 5.2–8.1 m/s. The root-mean-square deviations (RMSDs) of the SSH estimated with different retrackers (DER, HALF, and FIT) range from 1.61 to
2.20 m, and the mean bias of the SSH measurements is ∼ −0.95 m. (b) SSH measured with 1-s power waveforms generated from the raw data collected
by the CYGNSS SC #6 on August 25, 2017 [from the same raw data set as in Fig. 3(c)]. The reflected signal is from Galileo PRN02 satellite with an
elevation of ∼71.8◦. The SNR of the power waveform at the SP is ∼0.5 dB. The sea surface wind speed along the track of the SP is 11.9–19.8 m/s. The
RMSD of the SSH estimated with different retrackers (DER, HALF, and FIT) range from 1.56 to 1.79 m, and the mean bias of the SSH measurements
is ∼ −0.64 m.

The SNR of the reflected signal is also computed at the SP
as

SNRsp = Fsp
max

[
Zobs

r (τ )− N0
]

N0
(15)

in which N0 is the thermal noise floor of the waveform
computed by averaging the waveform along the delay lags
before the reflected signal. The SSH measurements with SNR
less than 0.2 (or −7.0 dB) are removed.

In addition to the SNR, we also apply other control flags
to the SSH measurements: the incidence angle is limited up
to 60◦; the measurements acquired over the land or during
the blackbody calibration (provided as the quality flag in the
L1 data products) are removed; the minimum wind speed has
been set to 3 m/s, to eliminate the impact of the coherent
component in the reflected signals [44], which is not properly
modeled in our waveform simulation.

To assess the quality of these SSH measurements, the mean
sea surface model from the Technical University of Denmark
(DTU) [45] is used as the reference. The ellipsoidal heights
of the mean sea surface are computed along the SP tracks
from the DTU18 mean sea surface model, and then corrected
with the ocean and solid body tidal models. In Fig. 4, two
along track SSH profiles measured from GPS and Galileo
satellites are presented as examples, together with the ref-
erence SSH model. It can be appreciated that the GNSS-R
derived SSH measurements show good agreement in trend
with the SSH model. However, significant dispersion and
biases appear in both cases, which will be characterized
in Section IV.

IV. RESULTS

To assess the ocean altimetry performance, the residuals of
the SSH measurements from the model, i.e., H obs

e − H m
e , are

computed. Using all ∼9000 1-s CYGNSS SSH measurements,
the standard deviations of the SSH residuals are computed to
be 5.7, 5.6, and 5.3 m for the DER, HALF, and FIT retrackers.

The altimetry uncertainties in GNSS-R can be considered as
two types: the random error and the systematic biases [6].
The former is mainly due to the stochastic nature of the
received signals caused by the additive thermal noise and
the multiplicative fading noise (or speckle) and the latter is
mainly induced by the orbit determination uncertainty of the
CYGNSS SCs, the instrumental delays, the retracking bias due
to the waveform mismodeling, the residuals of the ionosphere
and troposphere delay corrections, and noncorrected effects
that separate the instantaneous SSH from the mean SSH
used here as references (e.g., currents and inverse barometer).
To avoid the dependence of the SSH measurement on the
incidence angle, these random error and systematic biases are
characterized over the 1-s delay residuals δρresidual defined as

δρresidual = 2 cos i
(

H obs
e − H m

e

)
(16)

in which He is the modeled SSH from the DTU mean sea
surface model with the ocean and solid body tidal corrections.

A. Ranging Precision

The ranging precision is assessed by using the 1-s
delay measurements derived from the different retrackers.
The duration of each CYGNSS raw signal streams is
∼60 s or ∼1/95 orbital period, during which the systematic
biases can be assumed to be constant. The intratrack ranging
precision is obtained by computing the standard deviation of
the delay residuals for each of the SP tracks

σ obs,k
ρ =

√〈∣∣δρk
residual − 〈

δρk
residual

〉∣∣2〉 (17)

in which δρk
residual is the time series of the delay residuals for

the kth SP track, and σ obs,k
ρ is the standard deviation of the

delay residuals for this track. In addition, the 1-s SNR of the
reflected signal SNRsp is also averaged to get the mean SNR
for each track.

As the ranging precision is mainly due to the thermal
noise and speckle, the ranging precision can be also predicted
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Fig. 5. Ranging precision of reflected (a) GPS L1 C/A code signal and (b) Galileo E1 and BeiDou-3 B1 OS signals with 1 Hz code delay measurement.
(a) Comparison between the measured and modeled ranging precision of reflected GPS L1 C/A code signal as a function of the waveform SNR. (b) Comparison
between the measured and modeled ranging precision of reflected Galileo E1 and BeiDou-3 B1 OS signals as a function of the waveform SNR. The measured
ranging precision derived from different waveform retrackers is indicated with different colors. The ranging precision model is derived from [28]. (c) Histogram
of the CYGNSS waveform SNR at the SP, which is derived from 1 week of CYGNSS Level 1 data collected over the ocean.

TABLE I

RANGING SENSITIVITIES AND EFFECTIVENESS OF INCOHERENT AVERAGE

OF GPS L1 C/A, GALILEO E1/BEIDOU B1 OS SIGNALS

theoretically with the model proposed in [28] as

σm
ρ = 1

Sρ
√

NI

(
1

R
+ 1

SN Rsp

)
(18)

in which the Sρ is the ranging sensitivity at the track point τtrk,
and R is the effectiveness of incoherent average. The rang-
ing sensitivity can be computed directly from the modeled
waveform by Sρ = Z �(τtrk)/Z(τtrk), and the effectiveness
of incoherent average R can be derived from the correlation
between consecutive waveforms [28]. Given the CYGNSS
orbit altitude, both parameters are only slightly sensitive to
the geometry and can be approximated by their mean values
as shown Table I, together with the approximated ranging
precision models.

The 1-s ranging precision obtained from the GPS and
Galileo/BeiDou satellites are presented as a function of the
SNR in Fig. 5 for all the tracks, together with that predicted
with the model in (18) and in Table I, from which the following
conclusions can be drawn.

1) The ranging precision varies from 2.5 to 24 m with 1 Hz
code delay measurement depending on the transmitted
GNSS signals, SNR, and waveform retrackers. This pre-
cision is one to two orders of magnitudes larger than
that obtained with traditional RAs, which is due to the
bandwidth of the GNSS OS signals. With advanced signal
processing technique (e.g., [46]–[48]) or wideband GNSS
signals (e.g., GPS L5, Galileo E5, and BeiDou-3 B2),
the ranging precision can be significantly improved.
Theoretical predictions of spaceborne GNSS-R altimetry
precision for different onboard processing methods and
GNSS signals can be found in [28].

2) The DER and HALF retrackers show similar ranging
precision, which is consistent with the model predictions.
This result further confirms the altimetry precision model
in [28] with the real spaceborne data. The ranging pre-
cision for the FIT retracker is better than the others,
especially for the higher SNR case, which also agrees
with the model prediction in [28].

3) Galileo E1 and BeiDou-3 B1 OS signals can provide
better ranging performance thanks to their narrower ACF
main peaks. In Fig. 3, it is shown clearly that the leading
edge slope of the Galileo E1 waveforms is much steeper
than GPS L1 waveform, which indicates better ranging
sensitivity (by a factor of ∼2 according to Table I).
On the other hand, narrower ACF main peak results in an
increased spatial resolution which reduces the scattering
area and reduces the received SNR of the reflected signal.
Moreover, their smaller footprint size indicates narrower
Doppler bandwidth and thus longer correlation time of
the reflected Galileo E1 and BeiDou-3 B1 OS signals
than the GPS L1 C/A code, which reduces the number
of independent waveforms and the effectiveness of inco-
herent average (i.e., 0.98 vs. 0.82 as shown in Table I).
Nevertheless, the improvement on the ranging sensitivity
overcomes the degradation of the other factors, resulting
in an improved ranging performance for Galileo and
BeiDou-3 signals. It is noted that the bandwidth of the
CYGNSS instrument (∼2.5 MHz) cannot cover the main
spectrum lobes of the Galileo E1 and BeiDou-3 B1 OS
signals (∼4 MHz), and the range precision could be
further improved by increasing the instrument bandwidth.
Similar navigation signal is also transmitted by the GPS
Block III satellite, which is expected to have better
altimetry performance than the current C/A code signal.

4) Both the model and the measurements have shown that
the ranging precision is dominated by the thermal noise
at low SNR case. Once sufficient SNR (e.g., 3–5 dB) is
achieved, the precision cannot be significantly improved
by increasing the SNR. For the CYGNSS mission,
the mean SNR is ∼0 dB as shown in Fig. 5(c), cor-
responding to a ranging precision of ∼6.8 m for GPS
L1 C/A code signal (or altimetry precision of ∼3.4 m by
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Fig. 6. Intertrack dispersion of the ranging biases. (a) Histogram of the
ranging biases. (b) Evolution of the range bias as a function of the CYGNSS
raw data set ID, the biases from simultaneous reflections collected by the
same CYGNSS SC are presented at the same x-axis coordinate. (c) Evolution
of the ionosphere delay derived from the IGS GIM data as explained in
Section III-B.

assuming nadir). It indicates that the SNR is still the main
limitation of the CYGNSS mission for GNSS-R ocean
altimetry applications, which is mainly caused by the
relative narrow main beamwidth of the CYGNSS nadir
antennas.

B. Ranging Accuracy

The ranging accuracy is defined as the mean bias of the
measured bistatic delay from its model, which is assessed by
using the delay measurements derived from the FIT retracker.
The delay residuals obtained in (16) are averaged along
each SP track to get the mean ranging bias of each track,
i.e., �δρk

residual� is the mean ranging bias for the kth track. The
distribution of the mean biases for all the tracks is presented
in Fig. 6(a), in which it can be seen that there is a positive
offset of ∼1.3 m. This bias is most likely due to the ionosphere
above the CYGNSS orbit altitude, which is not taken into
account in the ionosphere delay correction.

After removing the offset, the standard deviation of the
mean ranging bias between different tracks is 3.0 m, which

is likely due to the systematic errors, such the orbit determi-
nation, ionosphere correction, SSH anomalies, sea state biases,
and CYGNSS instrument calibration. These systematic errors
are not correlated between the measurements from different
CYGNSS observatories or over a long time span, resulting
in intertrack dispersion of the delay measurements. To better
characterize these intertrack dispersion of the delay biases,
In Fig. 6(b), we present the evolution of the range bias as
a function of the CYGNSS raw data set ID, in which the
delay biases from the same CYGNSS raw data sets (i.e.,
simultaneous reflections collected by the same CYGNSS SC)
are presented at the same x-axis coordinate. The main sources
of the ranging bias and their feature are characterized briefly
in what follows.

1) The orbits of the CYGNSS SCs are determined from the
1 Hz single-frequency GPS position measurements. These
measurements are smoothed to reduce the random error
component in the computation of the OL tracking model.
However, systematic uncertainty cannot be removed from
the smoothed orbits, which is considered to be one of the
main sources of the ranging bias (e.g., ∼1.9 m according
to [16]). It is noted that the radial component of the orbit
uncertainty can map directly into the delay measurements,
which could be one of the explanations for the similar
ranging biases pattern in the simultaneous reflections
from the same CYGNSS raw data set.

2) The ionosphere delay corrections are derived from the
IGS GIM data, which is expected to have ∼20% rel-
ative error corresponding to absolute ranging biases of
0.4–2.8 m [see Fig. 6(c)]. The residual of the ionosphere
delay correction is considered to be a bias or slowly vary-
ing term along a short SP track, but can vary over larger
spatial and time scales. It can be seen from Fig. 6(b)
and (c) that the ranging dispersion is correlated with the
ionosphere delay, e.g., larger ionosphere delays between
CYGNSS raw data set 11 and 26 generate more signifi-
cant delay dispersion. In addition, the measurements from
different nadir antennas (port and starboard) are normally
more spatially separated, which could be the reason for
the dependence of the ranging biases on different nadir
antennas in the some of the raw data sets.

3) The ACF of the GNSS signal used in waveform model-
ing is derived from the direct signal received from the
sidelobe of the nadir antenna. However, the frequency
response of the antenna is also different for the signal
arriving at different directions. In GNSS positioning
applications, the group delay variation (GDV) due to the
antenna frequency response at different arrival directions
(elevation and azimuth angles) can be on the order of
meter-level [49]. The same level of variation is also
expected for GNSS-R group delay altimetry application.

4) In addition, oceanographic and other geophysical effects,
such as currents and inverted barometer, can generate
significant SSH anomalies of the order of tens of centime-
ters, which are not taken into account in our altimetric
analyses. It is noted that some of the raw data sets were
collected over or near hurricanes, which could generate
more significant SSH anomalies.
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V. DISCUSSION AND CONCLUSION

This article has presented a comprehensive analysis on the
ocean altimetry performance of spaceborne GNSS-R technique
using the raw IF data collected by the CYGNSS satellites. The
main purpose of using these raw data sets is to overcome
the limitations of the onboard signal processing and data
compression, and the inaccurate/truncated delay variables in
the Level 1 metadata.

The raw IF data sets are processed on the ground with
the software receiver, besides GPS L1 C/A code signal the
reflected waveform of Galileo E1 and BeiDou-3 B1 OS signals
have been also generated. The main signal processing steps
and algorithms, including the direct signal processing,
the geometry and OL tracking model computations,
and the reflected signal processing, have been also
introduced.

Three different retrackers, based on the DER method,
the HALF method, and the FIT method, have been used to esti-
mate the delay of measured power waveforms. To remove the
SP delay bias caused by the retrieval algorithms, the relative
delay (the delay between the DER point and the nominal SP)
and power (the power at the nominal SP with respect to
the peak power) are derived from corresponding modeled
waveform and are applied to the DER and HALF retrackers.

The retracked waveform delay measurements are then cor-
rected to remove the excess delays due to the ionosphere,
troposphere, and antenna baseline. Due to the lack of dual-
or multi-frequencies delay measurement, the ionosphere delay
is corrected using the IGS GIM data, which is considered to
be one of the main error sources. After accounting for the
bistatic geometry, the SSHs along the SP tracks are derived
from bistatic delay measurement.

The assessment of the altimetry performance consists of
the characterizations of both the random error (precision) and
the systematic biases (accuracy) of the delay measurements.
In near-nadir, it can be assumed that the altimetry performance
is twice better than the ranging one (16). The ranging precision
is derived from the intratrack analysis, i.e., the variation
of the delay measurements along each SP track, in which
the systematic effects can be considered as biases or slow
varying terms. As one of the important results in this work,
the consistence between the measured ranging precision and
the model prediction further verifies the altimetry precision
model in [28] with the real spaceborne data. The ranging bias
is assessed through the intertrack analysis, which is computed
from the dispersion of the delay anomalies between different
SP tracks. The main sources of the ranging bias are considered
to be the systematic uncertainties of the CYGNSS orbit and
the ionosphere correction residual.

The following aspects should be remarked as the inputs
for the update of CYGNSS mission configurations and the
development of future GNSS-R ocean missions.

1) The ranging precision and accuracy obtained from the
raw data can represent the potential performance of the
CYGNSS mission for ocean altimetry, i.e., the mean ranging
precision of ∼6.8 m (assuming 0 dB mean SNR) and the
ranging accuracy of ∼3.0 m, corresponding to ∼4.3 m/1.9 m

of mean altimetry precision/accuracy by considering the
mean incidence angle of 38◦. This performance could be
obtained by downlinking the full precision OL delay variables
(e.g., “add_range_to_sp” in the Level 1 metadata), and the full
resolution DDMs.

2) As one of the main error sources, the CYGNSS orbit
uncertainty can be improved by downlinking raw GPS obser-
vations (i.e., pseudorange and carrier phase information) and
postprocessing these raw observations on the ground. In fact,
it is reported in [50] that the orbit accuracy can be improved
to submeter level with proper postprocessing. For the further
GNSS-R altimetry missions, the orbit uncertainties can be
reduced to few centimeters with onboard precise orbit deter-
mination receiver.

3) The CYGNSS instruments can only collect the GNSS
signal at L1 band so that the ionosphere delay correction relies
on the ionosphere model. In order to correct the ionosphere
delay accurately, a minimum of two GNSS frequencies is
required in further GNSS-R altimetry missions. Nominally,
these will be the GPS L1 and L5 bands since these provide
the greatest separation in frequency and, hence, the better
ionosphere delay correction accuracy.

4) The low received power level is one of the main limita-
tions for GNSS-R altimetry precision. It has been shown that
the ranging precision degrades rapidly in the case of low SNR.
The mean SNR of the CYGNSS waveforms is ∼0 dB, which
is one of the main reasons for its relative low ranging perfor-
mance. In fact, the peak gain of the CYGNSS nadir antenna
is high enough (∼14.7 dB) for the reflected GPS L1 C/A
code signal. However, due to its relative narrow beamwidth
(36◦×56◦ in elevation and azimuth), only the reflected signals
with the SP close to the antenna boresight are received with
enough antenna gain. Antenna arrays capable of beamforming
and steering can effectively balance between antenna gain
and coverage in further GNSS-R altimetry missions. With
such antenna configuration, the reflected signal from different
arrival directions can be received with enough SNR, and mean
altimetry precision is expected to be 1–2 m for L1/E1/B1 OS
signals even with the same number of antenna elements
as CYGNSS.

5) Another limitation for altimetry precision is the relative
narrow bandwidth of the GNSS OS signals at the L1 band.
In fact, it has been clearly shown that the reflected Galileo
E1 OS signal have better ranging precision (by a factor
of ∼1.8) than GPS L1 C/A code signal due to its wider
bandwidth. It is suggested to use advanced signal processing
techniques (e.g., [46]–[48]) and wide bandwidth OS signals
in further GNSS-R altimetry missions to improve the ranging
sensitivity of the observed waveforms. The 1-s altimetry
precision can be then improved to 0.2–0.4 m according to the
model prediction [28]. However, the pulse limited footprint
size is smaller for the signals with wider bandwidth, which
reduces the power of the total reflected signal. To guarantee
sufficient SNR for altimetry retrieval, the antenna gain should
be increased accordingly, which would significantly increase
the size and weight of the antenna. A tradeoff study in terms
of altimetry precision and antenna size/weight is an important
subject, which should be investigated in future studies.
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6) The main advantages of the GNSS-R concept for ocean
altimetry are its spatiotemporal sampling capability and the
large number of accumulated observations [51]. However,
the GNSS-R instruments onboard the CYGNSS satellite can
only process at most four simultaneous measurements and
can only use the L1 signal transmitted by the GPS satellite
constellation. In future GNSS-R altimetry missions, the syn-
optic capability can be significantly improved by increasing
the number of processing channels for the reflected signal
from the other GNSS constellations (e.g., Galileo, BeiDou, and
GLONASS). This was shown in [52] for a 12-beam satellite
and altimetry precision predicted by [28], over the global
sea surface and 0.5◦ × 0.5◦ cells accumulated in 10 days,
the mean precision of SSH measurement could achieve a few
centimeters.

7) The instrument induced altimetry uncertainties should be
calibrated in further GNSS-R altimetry mission. The frequency
response of the instrument, including the antenna (as a func-
tion of signal arrival direction) and the receiver, can distort
the observed waveform and induce an additional systematic
delay error of several ns [40]. In addition, the delay difference
between the up- and down-looking receiver channels due to
the electrical characteristics of different components should
be also calibrated properly. However, in this work, these
instrumental biases are mixed together with the other error
terms, and their dependence on different CYGNSS SCs and
temporal variation are not characterized.

8) The waveform retracking algorithms can be further
optimized. The retrackers used in this work rely on the appro-
priate model of the measured waveform, and the waveform
mismodeling can also lead to retracking errors in altimetry
measurement. In fact, there are other factors that could affect
the accuracy of the waveform model, such as the coher-
ent component at low wind speed [44], the Electromagnetic
bias [53], the effect of the swell wave [54], as well as
the implementation of the waveform model. In addition,
the DDM or the waveforms from different Doppler frequencies
can provide more information about the delay of the reflected
signal, which could further improve the altimetry precision
[55], [56]. Moreover, the waveform model and its covariance
have to be obtained through the numerical implementation of
an underlying model. To simplify the waveform retracking
procedure, it would be more efficient to parameterize the wave-
form leading edge and waveform covariance with empirical
models.
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