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Retrieving Ocean Surface Wind Speeds in Real Time
on Spaceborne GNSS-R Receivers:

Algorithm and Validation
Tongsheng Qiu , Qi Zheng, Xianyi Wang , Feixiong Huang , Junming Xia , Fu Li, Zhuoyan Wang,

Yueqiang Sun, Qifei Du, Weihua Bai , Yuerong Cai, Dongwei Wang, Yusen Tian, and Shuangshuang Cheng

Abstract—Based on delay-Doppler maps (DDMs) in raw counts
generated by spaceborne global navigation satellite system reflec-
tometry (GNSS-R) receivers, retrieving ocean surface wind speeds
is feasible, so several spaceborne GNSS-R missions have been
carried out. However, it is currently troubled by global data latency
of several hours or even more due to the bottleneck in the satellite
downlink. Consequently, this article, for the first time, presents an
algorithm for spaceborne GNSS-R receivers to conduct the DDM
calibration in orbit and then to retrieve ocean surface wind speeds
in real time, which contributes to not only lightening the burden
on downloading a wealth of scientific data but also broadcasting
real-time ocean surface wind speeds to users. Since there is a power
correlation between direct and reflected signals from the same
GNSS satellite with respect to the GNSS-R receiver, this algorithm
calibrates direct signal power first, and then it estimates the real-
time GNSS transmitter effective isotropic radiated power at the
reflected signal according to the normalized antenna pattern of the
corresponding GNSS satellite. Afterward, DDMs in raw counts are
calibrated. Finally, ocean surface wind speeds are computed using
pretrained geophysical model functions. Exploiting the scientific
data from the GNOS-II onboard China’s FY-3E satellite, this algo-
rithm is validated carefully, and final retrieved ocean surface wind
speeds against collocated European Centre for Medium-Range
Weather Forecasts wind speeds have an overall root-mean-square
error of 1.68 m/s and 1.50 m/s for GPS-R and BDS-R, respectively.
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I. INTRODUCTION

THE global navigation satellite system (GNSS) signals
scattered off the Earth’s surface can be taken as signals

of opportunity for the Earth’s remote sensing [1], and the
GNSS-reflectometry (GNSS-R) receiver based on the bistatic
radar scattering model is dedicated to receiving and process-
ing GNSS reflected signals so as to generate basic measure-
ments. To date, there have been more than 100 GNSS satel-
lites from multiple different GNSS constellations, including
the U.S. global positioning system (GPS), Russian GLONASS,
European Galileo (GAL), Chinese BeiDou navigation satellite
system (BDS), Japanese quasi-zenith satellite system, and Indian
regional navigation satellite system. These GNSS satellites to-
gether provide abundant, free, and globally distributed reflected
opportunity signals for the GNSS-R observation. Based on basic
measurements generated by the GNSS-R receiver, geophysical
parameters, such as ocean surface wind speeds [2], sea surface
height [3], land soil moisture [4], vegetation biomass [5], ice
properties, and snow water equivalent [6], can be retrieved.

GNSS signals reflected off the ocean surface can be received
and processed by the spaceborne GNSS-R receiver onboard
the low Earth orbit (LEO) satellite to generate delay-Doppler
maps (DDMs) so as to retrieve ocean surface wind speeds
with unprecedented temporal resolution and spatial coverage
under all precipitating conditions [7], which benefits numerical
weather prediction in particular. As a result, the retrieval of
ocean surface wind speeds by means of the spaceborne GNSS-R
technique has attracted much attention. A series of satellite
missions carrying a spaceborne GNSS-R receiver, including the
U.K.-Disaster Monitoring Constellation [8], TechDemoSat-1
[9], Cyclone Global Navigation Satellite System (CYGNSS)
[10], BuFeng-1 A/B [11], FSSCat [12], and FY-3E [13] were car-
ried out successively. However, all of these spaceborne GNSS-R
receivers collected DDMs in raw counts only, and the DDM
calibration as well as the retrieval of ocean surface wind speeds
were conducted on the ground, which led to not only a heavy
burden on downloading a wealth of scientific data but also global
data latency of several hours or even more due to the bottleneck
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Fig. 1. One typical simplified system architecture of the spaceborne GNSS-R
receiver. RF-FE denotes radio frequency front-end and PVT means position,
velocity, and time data.

in the satellite downlink. For example, China’s FY-3E satellite
has a global data latency of about 3 h [13]. In addition, a variety
of maritime activities, such as marine fishing, marine transport,
and marine scientific expeditions, all desire real-time oceanic
weather information, of which the ocean surface wind speed is
an important part. Thus, retrieving ocean surface wind speeds
in real time on spaceborne GNSS-R receivers is of positive
significance, but there has been no one who has proposed any
algorithm for it, and therefore, we turned our focus to it [14].

As Fig. 1 shows, the spaceborne GNSS-R receiver is generally
composed of one precise orbit determination (POD) module and
one GNSS-R module [15]. The POD module corresponds to
at least one zenith-looking antenna, and therefore, it processes
GNSS direct signals to provide position, velocity, and time
(PVT) information about the LEO satellite, GNSS satellites, and
specular points. Moreover, GNSS direct signal processing in the
POD module mainly includes signal acquisition and tracking.
The signal tracking is usually by means of a combination of
one phase-locked loop (PLL) and one delay-locked loop (DLL),
and the PLL continuously outputs complex coherent integration
results that contain both the carrier phase and power of the input
GNSS direct signal. In addition, one empty channel in the POD
module is specially designed to measure the real-time noise floor
at the direct signal. More detailed information about the POD
module can be found in the literature [16]. The GNSS-R module
corresponds to at least one nadir-looking antenna, and therefore,
it processes GNSS reflected signals to generate DDMs in raw
counts. Utilizing the PVT information from the POD module,
the GNSS-R module first estimates the whole path length and the
Doppler shift of the GNSS reflected signal, and then generates
a local replica to correlate with the input GNSS reflected signal.

Fig. 2. One typical GNSS-R observation. The spaceborne GNSS-R receiver
onboard the LEO satellite must simultaneously receive and process both direct
and reflected signals from the same GNSS satellite, and there is an obvious
power correlation between the direct and reflected signals with respect to the
GNSS-R receiver.

More detailed information about the GNSS-R module can be
found in the literature [17]. In summary, the spaceborne GNSS-R
receiver onboard the LEO satellite must simultaneously process
both direct and reflected signals from the same GNSS satellite
and there is an obvious power correlation between the direct and
reflected signals with respect to the GNSS-R receiver, as shown
in Fig. 2.

As a result, this article, for the first time, proposes an algorithm
applied to the spaceborne GNSS-R receiver to retrieve ocean
surface wind speeds in real time. This algorithm calibrates the
GNSS direct signal power first, and then it estimates the real-time
GNSS transmitter effective isotropic radiated power (EIRP) at
the reflected signal according to the normalized antenna pattern
of the corresponding GNSS satellite. After the DDM in raw
counts has been converted to the DDM power in watts, the
DDM bistatic radar cross section (BRCS) is derived further
using the estimated real-time EIRP at the reflected signal, and
then the DDM average (DDMA) and leading-edge slope (LES)
are computed utilizing the predefined effective scattering area
(ESA). Finally, the ocean surface wind speed is computed by
means of pretrained both geophysical model functions (GMFs)
and minimum variance (MV) coefficients [18].

The FY-3E satellite launched on 5 July 2021 is China’s fifth
polar-orbiting meteorology satellite and is in a sun-synchronous
orbit at an altitude of 836 km and an inclination of 98.5◦.
The GNOS-II onboard China’s FY-3E satellite was the first
spaceborne integrated GNSS remote sensor around the world
because it was first designed to combine one POD module,
one GNSS radio occultation module, and one GNSS-R module
together to monitor the ionosphere, neutral atmosphere, ocean,
ice, and land at the same time, which is of great significance
for the Earth remote sensing [15]. The GNOS-II is capable of
receiving and processing both direct and reflected GPS L1 C/A,
BDS B1I, and GAL E1B signals. Exploiting the scientific data
from the GNOS-II, the proposed algorithm is validated carefully.
Since BDS medium Earth orbit (MEO) satellites differ from
BDS inclined geosynchronous orbit satellites in terms of orbital
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altitude and transmitting power, only BDS B1I signals from BDS
MEO satellites are adopted in this article.

The rest of this article is organized as follows. Section II intro-
duces the proposed algorithm in detail. Exploiting the scientific
data from the GNOS-II, this algorithm is validated carefully
in Section III. Section IV gives some discussions, and some
conclusions are drawn in Section V.

II. ALGORITHM

A. GNSS Direct Signal Power Calibration

The POD module in the spaceborne GNSS-R receiver usually
conducts GNSS direct signal tracking by means of a combination
of one PLL and one DLL. Each combination once tracks one
GNSS direct signal only and the PLL continuously outputs
complex coherent integration results with an output rate of the
reciprocal of the coherent integration time. For example, in terms
of GPS L1 C/A signal, the coherent integration time is usually
configured as 20 ms to avoid the bit transition and to maintain
an appropriate dynamic range for the PLL. In addition, these
sequential complex coherent integration results contain both the
carrier phase and power of the input GNSS direct signal, and
therefore, modular squaring values (MSVs) of these sequential
complex coherent integration results represent a series of power
estimates in raw counts of the input GNSS direct signal when
the PLL stays in a steady state.

In terms of GNSS direct signal power calibration, each MSV
in raw counts is converted into the GNSS direct signal power in
watts using the total POD module gain GPOD

Yd = GPOD (TPOD) · (Cd − ηd) (1)

where Cd is the MSV in raw counts; ηd is the noise floor
measured by the empty channel in the POD module; TPOD is
the temperature of the radio-frequency front-end (RF-FE) in the
POD module, and Yd is the GNSS direct signal power. The total
POD module gain GPOD is related to the temperature TPOD, and
the relationship between GPOD and TPOD can be measured by
a prelaunch thermal cycling test and saved as a lookup table
(LUT). During an in-orbit operation phase, the temperatureTPOD

can be measured by a temperature sensor and then the total POD
module gain GPOD can be computed by the LUT.

According to the electromagnetic wave propagation equation,
GNSS transmitter EIRP at the GNSS direct signal is derived as

Pt Gt,d = Yd ·
(

λ2Gd

(4πRd)
2

)−1

(2)

where PtGt,d is the GNSS transmitter EIRP at the GNSS direct
signal; Rd is the distance from the GNSS satellite to the LEO
satellite; λ is the wavelength of the GNSS signal; and Gd is
zenith-looking antenna gain at the GNSS direct signal. The
zenith-looking antenna pattern is calibrated in a microwave ane-
choic chamber by a prelaunch test and saved as an LUT. Utilizing
the real-time PVT information from the POD module about LEO
and GNSS satellites, Rd and elevation and azimuth angles of the
GNSS satellite with respect to the zenith-looking antenna can
be computed. Furthermore, mapping the computed elevation and

Fig. 3. One normalized antenna pattern of the GPS satellite (PRN = 1) on
January 28, 2022. The normalized antenna pattern mainly varies with the off-
boresight angle.

azimuth angles to the zenith-looking antenna pattern LUT Gd

can be determined.

B. Calculating EIRP at the Reflected Signal

During the retrieval of ocean surface wind speeds, the GNSS
transmitter EIRP at the reflected signal plays a key role in
converting the DDM power in watts to the DDM BRCS. Since
the transmitting power of GNSS satellites may change abruptly,
the GNSS transmitter EIRP at the reflected signal is somewhat
uncertain [19]. In general, the GNSS transmitter EIRP at the
reflected signal is continuously estimated by ground power
monitors [13]. As far as retrieving ocean surface wind speeds
in real time on spaceborne GNSS-R receivers, it is necessary to
measure the real-time GNSS transmitter EIRP at the reflected
signal.

Fig. 2 shows that there is an obvious power correlation be-
tween direct and reflected signals from the same GNSS satellite
under the GNSS-R observation. Moreover, antenna patterns of
GNSS satellites are fixed after launching. Thus, according to
normalized antenna patterns of GNSS satellites and the previ-
ously measured real-time GNSS transmitter EIRP at the direct
signal, it is feasible for spaceborne GNSS receivers to compute
the real-time GNSS transmitter EIRP at the reflected signal.

Based on GNSS transmitter EIRPs described in [13], one
normalized antenna pattern of the GPS satellite (PRN = 1) is
derived. As Fig. 3 shows, the normalized antenna pattern mainly
varies with the off-boresight angle. As a result, only one row data
along the off-boresight angle in each normalized antenna pattern
needs to be saved as an LUT.

As Fig. 4 shows, based on the Earth-centered Earth-fixed
(ECEF) frame, the off-boresight angle at the GNSS direct signal
is given by

θd = acos

⎛
⎝
(
− �P GNSS

)(
�P LEO − �P GNSS

)
∣∣∣�P GNSS

∣∣∣ ∣∣∣ �P LEO − �P GNSS

∣∣∣
⎞
⎠ (3)

where θd is the off-boresight angle at the GNSS direct signal;
acos(·) is the inverse cosine function; �P GNSS and �P LEO are
position vectors of the GNSS satellite and the LEO satellite,
respectively. Utilizing the real-time PVT information from the
POD module about LEO and GNSS satellites, �P GNSS and �P LEO

can be, respectively, computed in orbit.
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Fig. 4. One typical GNSS-R observation based on the ECEF frame. �P GNSS,
�P LEO, and �P SP are position vectors of the GNSS satellite, the LEO satellite,
and the specular point, respectively.

Meanwhile, the off-boresight angle at the GNSS reflected
signal from the same GNSS satellite is given by

θr = acos

⎛
⎝
(
−�P GNSS

)(
�P SP − �P GNSS

)
∣∣∣ �P GNSS

∣∣∣ ∣∣∣ �P SP − �P GNSS

∣∣∣
⎞
⎠ (4)

where θr is the off-boresight angle at the GNSS reflected signal
and �P SP is the position vector of the predicted specular point.
Utilizing the real-time PVT information from the POD module
about LEO and GNSS satellites, the specular point position can
be accurately estimated in orbit by the prediction algorithm [20].

According to (3) and (4), the GNSS transmitter EIRP at the
reflected signal is derived as

Pt Gt,r = Pt Gt,d · Gt (θr)

Gt (θd)
(5)

where PtGt,r is the GNSS transmitter EIRP at the reflected
signal and Gt represents the normalized antenna pattern of the
corresponding GNSS satellite.

C. Obtaining Space-Measured GNSS Transmitter EIRPs

To obtain normalized antenna patterns of GNSS satellites,
GNSS transmitter EIRPs over the entire off-boresight angle
range should be measured first. At present, GNSS transmitter
EIRPs are generally measured by ground power monitors [13],
but ground-measured GNSS transmitter EIRPs are limited by a
maximum off-boresight angle of 13◦ due to the Earth’s curvature
and local landforms. Hence, normalized antenna patterns of
GNSS satellites derived from ground-measured GNSS transmit-
ter EIRPs are also limited by a maximum off-boresight angle
of 13◦. However, as Fig. 5 shows, the off-boresight angle at
the direct signal is positively proportional to both the incidence

Fig. 5. Plots of off-boresight angles at the direct signal for GPS-R and BDS-R,
respectively. The off-boresight angle at the direct signal is positively proportional
to both the incidence angle at the specular point and the orbital height of the LEO
satellite H. There are numbers of GNSS-R observations with an off-boresight
angle greater than 13° at the direct signal.

angle at the specular point and the orbital height of the LEO
satellite, and there are numbers of GNSS-R observations with
an off-boresight angle greater than 13° at the direct signal.
Thus, if normalized antenna patterns of GNSS satellites derived
from ground-measured GNSS transmitter EIRPs are used for
computing the GNSS transmitter EIRP at the reflected signal,
a number of GNSS-R observations with an off-boresight an-
gle greater than 13° at the direct signal will be despondently
deserted.

Since BDS satellites have higher orbital heights than GPS
satellites, BDS satellites have smaller off-boresight angles at
the direct signal than GPS satellites, with respect to the same
LEO satellite and the same incidence angle at the specular point.
Thus, as far as the proportion of GNSS-R observations with an
off-boresight angle greater than 13◦ at the direct signal, BDS-R
is lower than GPS-R. For example, in terms of the GNOS-II, the
number of GNSS-R observations with an off-boresight angle
greater than 13° at the direct signal accounts for 8.79% and
2.26% of the total number of GNSS-R observations for GPS-R
and BDS-R, respectively, during August 1–10, 2022.

To make use of GNSS-R observations with an off-boresight
angle greater than 13◦ at the direct signal, it is necessary for
spaceborne GNSS-R receivers to measure GNSS transmitter
EIRPs in orbit, namely that of obtaining space-measured GNSS
transmitter EIRPs. Based on (1)–(3), spaceborne GNSS-R re-
ceivers can measure GNSS transmitter EIRPs at different off-
boresight angles by continuously tracking all GNSS satellites
within the field of view. Fig. 6 shows the flowchart of the
algorithm proposed in this article to measure GNSS transmitter
EIRPs in orbit. Normalized antenna patterns of GNSS satellites
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Fig. 6. Flowchart of the algorithm proposed in this article to measure the GNSS
transmitter EIRP in orbit over the entire off-boresight angle range, namely that
of obtaining the space-measured GNSS transmitter EIRP. The POD module
is the precise orbit determination module. The RF-FE denotes radio frequency
front-end, and PVT information about LEO and GNSS satellites means position,
velocity, and time data.

derived from space-measured GNSS transmitter EIRPs are no
longer limited by a maximum off-boresight angle of 13◦.

D. DDM Calibration

To date, the basic measurement of the GNSS-R module in
the spaceborne GNSS-R receiver is the DDM in raw counts. In
terms of the DDM calibration, each DDM in raw counts is first
converted into the DDM power in watts using the total GNSS-R
module gain GGNSS−R [13]:

Yr (τ, f) = GGNSS−R (TGNSS−R) · (Cr (τ, f)− ηr) (6)

where Cr(τ, f) is the DDM in raw counts; ηr is the DDM noise
floor calculated by averaging over the DDM region where GNSS
reflected signal power is not present; TGNSS−R is the temperature
of the RF-FE in the GNSS-R module;Yr(τ, f) is the DDM power
in watts; τ and f are the time delay and Doppler frequency,
respectively. The total GNSS-R module gain GGNSS−Ris related
to the temperature TGNSS−R. The relationship betweenGGNSS−R

and TGNSS−R can be measured by a prelaunch thermal cycling
test and saved as an LUT. During the in-orbit operation phase,
the temperature TGNSS−R can be measured by a temperature
sensor, and then the total GNSS-R module gain GGNSS−R can
be computed by the LUT.

According to the bistatic radar equation, the DDM power in
watts is converted to the DDM BRCS in square meters as [21]

σ (τ, f) = σ0 (τ, f) ·A (τ, f)

= Yr (τ, f) ·
(

λ2 (PtGt,r)Gr

(4π)3R2
tR

2
r

)−1

= Yr (τ, f) ·G−1
BRCS (7)

where σ(τ, f), σ0(τ, f), and A(τ, f) are the BRCS, normalized
BRCS (NBRCS), and ESA at the time delay τ and the Doppler
frequency f , respectively; Gr is the nadir-looking antenna gain
at the specular point; Rt and Rr are distances from the spec-
ular point to the transmitter and receiver, respectively; GBRCS

is the DDM BRCS gain that is a factor used for calculating
DDM BRCSs. The nadir-looking antenna pattern is calibrated
in microwave anechoic chamber by a prelaunch test and saved as
an LUT. Utilizing the real-time PVT information from the POD
module about both LEO and GNSS satellites and specular points,
Rt andRr can be computed, and elevation and azimuth angles of
the specular point with respect to the nadir-looking antenna can
be computed too. Furthermore, mapping the computed elevation
and azimuth angles to the nadir-looking antenna pattern LUT,
Gr can be determined.

The ESA at each time delay and Doppler frequency is a sur-
face integration weighted by the Woodward ambiguity function
(WAF) [21], [22]

A (τ, f) =

∫∫
Ã

Λ2 (τ, x, y) |S (f, x, y)|2dxdy (8)

where Λ2(τ, x, y)|S(f, x, y)|2 is the WAF at the given time
delay, Doppler frequency, and location on the sea surface; Ã is
the integration area defined by the WAF and the delay-Doppler
coordinate. Based on predetermined orbital parameters of the
LEO satellite and WAFs of GNSS reflected signals, the ESA,
A(τ, f) can be computed under various incidence angles at the
specular point and saved as an LUT.

E. Retrieving Ocean Surface Wind Speeds

The basic measurements for the retrieval of ocean surface
wind speeds under diffuse scattering are DDMA and LES. The
DDMA is calculated by averaging the DDM BRCS, and the LES
is calculated as the slope of the leading edge of the integrated
delay waveform (IDW) obtained by incoherently integrating the
DDM BRCS elements along the Doppler frequency dimension
[21]. In addition, DDMA and LES are computed over the same
delay-Doppler window around the specular point to maintain
consistency in spatial resolution [2], [23].

To reduce the size of the ESA LUT and simplify calculations
on the DDMA, the DDMA is calculated as [7]

σ0 =
σ̄

Ā
=

∑N
i=1

∑M
j=1 σ (τi, fj)∑N

i=1

∑M
j=1 A (τi, fj)

(9)

where σ0 is the DDMA;N andM represent the number of delay
bins and Doppler bins in the delay-Doppler window around the
specular point, respectively, which is mainly determined by the
tradeoff between the spatial resolution and the signal-to-noise
ratio (SNR).

To avoid complex fitting and interpolation calculations, the
LES is calculated as⎧⎪⎪⎨

⎪⎪⎩
s =

∑3
i=1 ωi(I(τk+2−i)−I(τk+1−i))

Δτ ·A(τk,fl)

I (τk) =
∑M

j=1 σ (τk, fj)

Δτ = τk − τk−1

(10)
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Fig. 7. Flowchart of the proposed algorithm applied to spaceborne GNSS-R receivers to retrieve ocean surface wind speeds in real time. All basic measurements
and necessary parameters can be directly collected or computed in orbit.

where s is the LES; ωi is the ith positive empirical weight
and ω1 + ω2 + ω3 = 1; I(τk) is the kth sample of the IDW;
τk and fl are time delay and Doppler frequency at the specular
point, respectively, and Δτ is the delay resolution of the DDM.
According to (9) and (10), only Ā andA(τk, fl) need to be saved
into the ESA LUT.

DDMAs are converted to wind speeds using the DDMA GMF
LUT, and LESs are converted to wind speeds too by using the
LES GMF LUT. The DDMA and LES GMFs are all obtained by
ground training and saved as LUTs, which are based on a large
training dataset containing enough measurements. Finally, the
final retrieved wind speeds are computed by combining wind
speeds retrieved from the DDMA and the LES by means of an
MV estimator [21].

It is worth noting that quality control (QC) is an essential
step to filter out bad values and unsatisfactory measurements,
which contributes to improving retrieval precision. Thus, the
QC should be implemented in real time. Moreover, the QC
can be performed on any variable concerned with the retrieval
algorithm, such as SNR and noise floor of the DDM.

All in all, the flowchart of the algorithm proposed in this article
is shown in Fig. 7. Observing the whole flow of the proposed
algorithm, only the DDM region corresponding to the delay-
Doppler window needs to be calibrated and then used to compute
DDMA and LES, and therefore elsewhere in each DDM can be

deserted after the DDM noise floor has been computed, which
significantly lightens the computation burden in orbit.

III. VALIDATION

A. FY-3E GNOS-II Data

The GNOS-II onboard China’s FY-3E satellite has two zenith-
looking antennas and one nadir-looking antenna, and it is capa-
ble of receiving and processing direct and reflected GPS L1
C/A, BDS B1I, and GAL E1B signals. Moreover, the GNOS-II
has eight DDM channels with a DDM output rate of 1 Hz,
and therefore, it is able to generate at most eight DDMs per
second. The coherent integration time is 1 ms, and the total
integration time is 1000 ms. The DDM generated by the GNOS-
II is nonuniform and has 122 time delays times 20 Doppler
frequencies. As Fig. 8 shows, the delay resolution is 0.125 chips
from −2.875 to 2.875 chips and 0.25 chips elsewhere in the
range from −12.25 to 12.125 chips, and the Doppler frequency
resolution is 500 Hz from −5000 to 4500 Hz. Both the delay
and the Doppler frequency are relative to the specular point.

Since the DDM output rate is 1 Hz, all types of level-1 (L1) sci-
entific data from the GNOS-II released by the Chinese National
Satellite Meteorological Center (NSMC) have a data rate of 1 Hz
to maintain a consistency. In terms of time-varying variables,
such as positions of the receiver and transmitters, their values
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Fig. 8. Example of one GPS-R DDM in raw counts generated by the GNOS-II
onboard China’s FY-3E satellite.

Fig. 9. Specular points corresponding to both GPS-R and BDS-R from the
GNOS-II onboard China’s FY-3E satellite during August 1–10, 2022. The
specular points almost cover global oceans.

per second contained in L1 scientific datasets are their transient
values at the middle moment in each second when generating
DDMs. Based on L1 scientific datasets from the GNOS-II, the
retrieval of global ocean surface wind speeds was conducted by
ground data-processing centers [19], [22], [24], and retrieved
global ocean surface wind speeds have been released by the
NSMC as one of primary products of the GNOS-II, which
indicates that the data quality of L1 scientific datasets from the
GNOS-II meets the requirement of operational use.

In this article, the proposed algorithm is analyzed and vali-
dated using ten-day L1 scientific data from the GNOS-II over
the ocean, during August 1–10, 2022. Half of the L1 scientific
data with odd ordinals is taken as the training dataset to train
GMFs and MV coefficients, and the other half with even ordinals
is taken as the testing dataset for validation. Fig. 9 shows that
specular points corresponding to both GPS-R and BDS-R from
the GNOS-II, during August 1–10, 2022, almost cover global
oceans.

B. Estimating GNSS Direct Signal Power

In the design phase of the GNOS-II, researchers did not
consider retrieving ocean surface wind speeds in real time on
spaceborne GNSS-R receivers. As a result, there was no tem-
perature sensor integrated into the RF-FE in the POD module of
the GNOS-II, so there was no LUT storing the total POD module
gain. Thankfully, both the noise floor at the direct signal and the
direct SNR are provided by the L1 scientific dataset from the
GNOS-II. Facing with this condition, the estimate of the GNSS

TABLE I
BOTH THE NUMBER AND THE DATA RATE OF REMAINING GPS-R AND BDS-R

MEASUREMENTS AFTER QC

direct signal power in this validation is derived as{
Yd = GPOD · (SNRd · ηd)
SNRd = Cd−ηd

ηd

(11)

where Yd is the estimate of the GNSS direct signal power; SNRd

is the direct signal to noise ratio; ηd is the noise floor at the direct
signal. GPOD is the total POD module gain, and it is set to an
empirical constant to make the value of Yd within a reasonable
range in this validation.

C. Quality Control

Similarly, there are no space-measured GNSS transmitter
EIRPs from the GNOS-II, and therefore, normalized antenna
patterns of GNSS satellites in this validation are derived from
ground-measured GNSS transmitter EIRPs described in [13],
and therefore, all GNSS-R observations with an off-boresight
angle greater than 13◦ at the direct signal are despondently
deserted. What is more, this article empirically chose −2 dB
as the threshold of the SNR at the specular point for the QC,
and therefore, any DDM whose SNR at the specular point is not
greater than −2 dB is discarded. The SNR at the specular point
is calculated as

SNRSP =
Cr (τk, fl)− ηr

ηr
(12)

where SNRSP is the SNR at the specular point, and Cr(τk, fl)
is the DDM element corresponding to the specular point. After
QC, both the number and the data rate of remaining GPS-R and
BDS-R measurements are given in Table I.

D. Comparing DDM BRCS Gains

It is worth mentioning that the total POD module gain GPOD

is not a constant in actual and related to the temperature of
the RF-FE in the POD module, and therefore, setting GPOD

as an empirical constant undoubtedly brings an error to the
estimate of the GNSS direct signal power. According to (2) and
(5), the estimate of the GNSS direct signal power is directly
related to the estimated real-time GNSS transmitter EIRP at
the reflected signal, and further has an effect on the DDM
BRCS gain in (7). To evaluate the impact of the estimation
error of the GNSS direct signal power on DDM BRCS gain,
a comparison between the estimated GBRCS and the ground-
monitored GBRCS is performed. The estimated GBRCS is derived
from (11) and the ground-monitored GBRCS is derived by the
ground data-processing center and provided by the scientific
dataset from the GNOS-II. Based on the training dataset, Fig. 10
shows that the estimated GBRCS has a high correlation and
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Fig. 10. Density scatter plots between estimated and ground-monitored DDM
BRCS gains of GPS-R and BDS-R, respectively. N is the number of remaining
measurements after the QC, and C is the overall correlation coefficient.

consistency with the ground-monitored GBRCS, and the overall
correlation coefficients of GPS-R and BDS-R are 0.9310 and
0.9420, respectively. Certainly, based on the testing dataset, the
estimatedGBRCS also has such a high correlation and consistency
with the ground-monitored GBRCS. Consequently, it is feasible
that GPOD is set to an empirical constant to make the value of
Yd within a reasonable range in this validation.

E. Determining Delay-Doppler Window

Since the delay resolution is 0.125 chips over the DDM
region around the specular point, the delay-Doppler window,
over which DDMA and LES are computed, is a 5 time delay
times 3 Doppler frequencies window limited by the 25 km
spatial resolution [13]. As far as the (9), N = 5, and M = 3.
Furthermore, the specular point is located in the center of the
delay-Doppler window, and therefore, τ3 and f3 in (9) are time
delay and Doppler frequency at the specular point, respectively.

F. Retrieving Ocean Surface Wind Speeds

To train and test both GMFs and MV coefficients, all mea-
surements are collocated with the European Centre for Medium-
Range Weather Forecasts (ECMWF) ERA5 reanalysis wind
speeds using linear interpolation in time and space. The training
dataset and collocated ECMWF wind speeds are used to train
GMFs and MV coefficients, and then the testing dataset is used
to perform ocean surface wind speed retrieval by obtained GMFs

Fig. 11. Density scatter plots between basic measurements (DDMA and LES)
and collocated ECMWF wind speeds for GPS-R.

and MV coefficients. Finally, the retrieved ocean surface wind
speeds are compared with collocated ECMWF wind speeds to
calculate the overall root-mean-square error (RMSE), and the
RMSE is generally used to evaluate the performance of the ocean
surface wind speed retrieval algorithm.

As previously mentioned, this article empirically chose−2 dB
as the threshold of the SNR at the specular point for the QC,
and this threshold is high enough to filter out more than half of
DDMs. As a result, almost all DDMs collected under high wind
speeds (>20 m/s) are removed, which meets the requirement
of retrieving medium to low ocean surface wind speeds in this
validation. Consequently, an exponential function, in this article,
is used for nonlinear least-square fitting to obtain final GMFs.
Figs. 11 and 12 show the density scatter plots between basic
measurements (DDMA and LES) and collocated ECMWF wind
speeds for GPS-R and BDS-R, respectively. The GMFs match
with the highest density part of the data.

Employing obtained GMFs, DDMAs and LESs derived from
the testing dataset are converted to DDMA wind speeds and
LES wind speeds, respectively. Subsequently, the final retrieved
ocean surface wind speeds are calculated while combining the
DDMA wind speed and the LES wind speed by obtained MV
coefficients. Final retrieved ocean surface wind speeds are com-
pared with the collocated ECMWF wind speeds. As Fig. 13
shows, the zero-bias lines match with the highest density part
of the data, and the overall RMSEs of GPS-R and BDS-R are
1.68 m/s and 1.50 m/s, respectively.

IV. DISCUSSIONS

The method applied to calibrate the DDM power, as (6) shows,
has been adopted by the GNOS-II onboard China’s FY-3E
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Fig. 12. Density scatter plots between basic measurements (DDMA and LES)
and collocated ECMWF wind speeds for BDS-R.

Fig. 13. Density scatter plots between final retrieved wind speeds and collo-
cated ECMWF wind speeds for GPS-R and BDS-R, respectively.

satellite, and it has been proved to be effective. As (1) shows,
the method applied to calibrate the GNSS direct signal power is
similar to the method used to calibrate the DDM power. Based
on authors’ experience in designing the GNOS-II, we think that
(1) is feasible.

The DDM in raw counts has lower output rate than other
variables such as the estimated GNSS transmitter EIRP at the

Fig. 14. Density scatter plots between final ground-retrieved wind speeds and
collocated ECMWF wind speeds for GPS-R and BDS-R, respectively.

reflected signal. To maintain consistency in the final output rate
among these variables, variables with a high original output rate
can merely take and output their transient values at the middle
moment or their averages over the duration of generating one
DDM.

Utilizing the ground-monitored DDM BRCS gain and similar
GMFs, ground-retrieved ocean surface wind speeds of GPS-R
and BDS-R have overall RMSEs of 1.62 m/s and 1.45 m/s,
respectively, as Fig. 14 shows. The ground-retrieved ocean sur-
face wind speeds have lower overall RMSE than space-retrieved
ocean surface wind speeds shown in Fig. 13 because the total
POD module gain GPOD is set to an empirical constant in this
validation and then undoubtedly brings an error to the estimate of
the GNSS direct signal power. Since authors were responsible
for designing the GNOS-II, conducting the DDM calibration,
and performing the ground retrieval of ocean surface wind
speeds, we do confirm that the overall RMSE of space-retrieved
wind speeds will be competitive with that of ground-retrieved
wind speeds if the temperature of the RF-FE in the POD module
is measured in orbit and the relationship between the total POD
module gain and the temperature of the RF-FE in the POD
module is predefined by the prelaunch thermal cycling test.

Although the estimation error of the GNSS direct signal power
in this validation leads to a descent in the overall RMSE of
retrieved ocean surface wind speeds, this descent is slight. As
Fig. 10 shows, the estimated DDM BRCS gain has a high corre-
lation and consistency with the ground-monitored DDM BRCS
gain. In addition, the final overall accuracy of retrieved ocean
surface wind speeds, as Fig. 13 shows, is good and inspiring.

In the future, the algorithm will be implemented in upcoming
spaceborne GNSS-R missions and then attract much attention
to retrieving ocean surface wind speeds and other geophysical
parameters in real time on spaceborne GNSS-R receivers.
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V. CONCLUSION

This article, for the first time, proposed an algorithm for
spaceborne GNSS-R receivers to retrieve ocean surface wind
speeds in real time, which contributes to not only lightening
the burden on downloading a wealth of scientific data but also
broadcasting real-time ocean surface wind speeds to users. As
far as for the proposed algorithm, there are no additional require-
ments of hardware resources for the real-time retrieval in terms
of a general spaceborne GNSS-R receiver, except for integrating
a temperature sensor on the RF-FE in the POD module. In
addition, all basic measurements and key parameters can be
directly collected in orbit, and complex computations such as
DDM calibration and ocean surface wind speed retrieval can be
conducted in orbit by a series of related LUTs. Based on a general
spaceborne GNSS-R receiver, the added computations are only
about 29 arithmetic operations and two-time commonly used
inverse cosine operations in terms of the proposed algorithm,
which consumes only a negligible amount of time. Although
the DDM calibration and wind speed retrieval is similar to those
used in CYGNSS and other spaceborne GNSS-R missions, how
to handily conduct real-time calibration in orbit and without
ground support is the key. The main innovation of the article is
that a feasible method for in-orbit calculation of the real-time
EIRP at the reflected signal in terms of methodology is proposed.

If normalized antenna patterns of GNSS satellites are de-
rived from the off-the-shelf ground-measured GNSS transmitter
EIRPs, all related LUTs will be prepared well on the ground
before launching; otherwise, only space-measured GNSS trans-
mitter EIRPs need to be obtained in orbit to generate normalized
antenna patterns before conducting the retrieval of ocean surface
wind speeds. Utilizing the L1 scientific dataset from the GNOS-
II onboard China’s FY-3E satellite, this proposed algorithm is
carefully validated and discussed. The final results show that this
proposed algorithm is feasible and able to achieve a competitive
overall retrieval accuracy in comparison to the current retrieval
algorithm used on the ground.

Since there is an obvious power correlation between the
direct and reflected signals from the same GNSS satellite under
the GNSS-R observation, the proposed algorithm calibrates the
GNSS direct signal power first and then estimates the real-time
GNSS transmitter EIRP at the reflected signal by normalized
antenna patterns of GNSS satellites, which is no longer affected
by the fluctuation of the transmitting power of GNSS satellites.
The normalized antenna patterns of GNSS satellites derived
from ground-measured GNSS transmitter EIRPs are limited by
a maximum off-boresight angle of 13◦, due to both the Earth’s
curvature and local landforms. However, there are a number of
GNSS-R observations with an off-boresight angle greater than
13◦ at the direct signal, especially for GPS-R. To make use of
GNSS-R observations with an off-boresight angle greater than
13◦ at the direct signal, it is necessary for spaceborne GNSS-R
receivers to measure GNSS transmitter EIRPs in orbit. Conse-
quently, an algorithm is proposed in this article for spaceborne
GNSS-R receivers to obtain space-measured GNSS transmitter
EIRPs from which normalized antenna patterns of GNSS satel-
lites can be derived. What is more, the space-measured GNSS
transmitter EIRPs are immune to multipath signals and terrestrial

RF interference. On the other hand, since the off-boresight angle
at the direct signal is positively proportional to the incidence
angle at the specular point, reducing the observable range of
the incidence angle is able to decrease the maximum value of
the off-boresight angle at the direct signal to a value lower than
13◦, and then normalized antenna patterns of GNSS satellites
can be derived from the off-the-shelf ground-measured GNSS
transmitter EIRPs, which avoids the process of obtaining space-
measured GNSS transmitter EIRPs but leads to a descent on the
number of GNSS-R observations.

According to validation results, it is feasible that the total POD
module gain is set to an empirical constant to make the estimate
of the GNSS direct signal power within a reasonable range,
which significantly simplifies the engineering implementation of
the proposed algorithm and merely brings about a slight descent
on the overall RMSE of retrieved ocean surface wind speeds.
Under this simplification, normalized antenna patterns of GNSS
satellites must be derived from off-the-shelf ground-measured
GNSS transmitter EIRPs with a cost of losing some GNSS-R
observations with an off-boresight angle greater than 13◦.
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