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Abstract— With the evolution of global navigation satellite
systems (GNSSs), more GNSS satellites and civilian signals are
available for GNSS reflectometry (GNSS-R). Developments of
new onboard processing strategies can improve the observation
performance of spaceborne GNSS-R. To this end, this article
proposes a new processing method by coherently combining
reflected global positioning system (GPS) III level 1 (L1) C/A
and L1C signals. By exploiting the additional signal component,
the signal-to-noise ratio (SNR) of the reflected signal can be
significantly improved. Moreover, by taking advantage of the
narrower autocorrelation function of the combined signal, the
spatial resolution and the performance of geophysical applica-
tions can be significantly improved. The proposed method has
been validated by processing cyclone GNSS (CYGNSS) raw
intermediate frequency data, including the direct and reflected
signals from GPS III satellites. The results indicate that the
SNR of the combined reflected waveform can be improved
by ∼2 dB compared to the L1 C/A waveform. Moreover, the
SNR of the combined signal can be improved more efficiently
using a longer coherent integration interval compared to the
L1 C/A signal. Preliminary altimetric results demonstrate a
35.3%–61.6% improvement in the ranging standard deviation
and a 22.4%–64.4% improvement in the median absolute devi-
ation compared to L1 C/A measurements. In addition, the
correlation coefficient between combined measurements and wind
speed improves by 26.3% on average compared to L1 C/A
measurements and 45.7% for high winds. This article presents a
novel GNSS-R onboard signal processing method with improved
performance, which can provide a reference for the design of
future GNSS-R instruments.
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I. INTRODUCTION

AS A novel passive remote sensing technique,
the spaceborne global navigation satellite system

reflectometry (GNSS-R) has rapidly developed over the
past few decades. It relies on signals transmitted by GNSS
satellites and only requires the receiver part. The basic
theory and applications of this technique are comprehensively
introduced in [1], [2], and [3]. Its main advantages include low
cost, global coverage, high temporal and spatial resolution,
and short revisit time, e.g., [4]. Furthermore, the L-band
GNSS signals have exceptional penetrating capabilities in
heavy rain and cloud cover, e.g., [5].

Since the time remote sensing using Earth-reflected global
positioning system (GPS) signals was conceived, e.g., [6]
and [7], numerous ground-based and airborne experiments
have been conducted to demonstrate its feasibility, e.g.,
[8], [9], and [10]. In 2003, the first spaceborne GNSS-
R demonstration experiment onboard the U.K. Disaster
Monitoring Constellation (DMC) satellite was performed [11].
The received level 1 (L1) C/A reflected signals were used
for sea surface altimetry, e.g., [12], roughness retrieval, e.g.,
[13], ice detection, e.g., [14], and other applications. The
U.K. TechDemoSat-1 (TDS-1) followed, providing more
GNSS-R measurements from reflected L1 C/A signals [15].
As a milestone of the GNSS-R development, NASA’s
8 microsatellites’ constellation cyclone GNSS (CYGNSS)
was launched in 2016 and provides GNSS-R measurements
from March 2017 [16]. The CYGNSS mission was designed
to monitor high wind speeds near the center of tropical
cyclones. In addition, other geophysical applications have
been also demonstrated with the CYGNSS data products,
e.g., sea surface height [17], [18], [19], water mask [20],
mean sea slope [21], heat flux [22], soil moisture [23], soil
freeze/thaw [24], [25], [26], and sea surface microplastic
concentration [27]. The two most commonly applied
techniques are conventional GNSS-R (cGNSS-R) and
interferometric GNSS-R (iGNSS-R) [4]. As for iGNSS-R,
the reflected signal is cross-correlated with the direct signal,
and multiple types of ranging code can be processed with no
need to generate local replicas. However, a high-gain antenna

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

https://orcid.org/0000-0002-7567-5411
https://orcid.org/0000-0002-9101-4007
https://orcid.org/0000-0002-6215-7607
https://orcid.org/0000-0001-8908-0972
https://orcid.org/0000-0002-9173-8355
https://orcid.org/0000-0002-5947-2649


5801019 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 62, 2024

is necessary for iGNSS-R, so this technique is generally
used in the ground-based receiver due to the limitation of
the receiver size. On the other hand, the reflected GNSS
signals are correlated with the local replica in cGNSS-R,
and the requirement for the antenna gain is lower. Therefore,
cGNSS-R is more suitable for spaceborne GNSS-R receivers
although only ranging codes whose sequence is known can
be processed, such as GPS L1 C/A and L1C. However, most
efforts for developing cGNSS-R up to now are based on
processing GPS L1 C/A signals. It is necessary to develop new
cGNSS-R processing methods for modernized GNSS signals.

GNSS constellations have been evolving and developing
to improve positioning, navigation, and timing (PNT) ser-
vices in the past years. The new GNSS constellations, such
as Galileo and BeiDou, increase the available sources of
measurements and, thus, can further improve the temporal
and spatial coverage for GNSS-R applications. In addition,
new civil signals, such as GPS L1C and L5, Galileo E1C,
and E5A/B, are modulated using binary offset carrier (BOC)
and have a narrower correlation peak compared to binary
phase shift keying (BPSK) signals. In modernized GNSS
signals, multiple signal components are modulated at the same
frequency, providing the possibility of different processing
and observation strategies. Therefore, the GNSS-R onboard
processing algorithms should adapt to the new signals to
take full advantage of the technique and, thus, improve the
performances in different applications. Up until now, many
spaceborne GNSS-R constellations have been or will be
launched, which can process GNSS signals other than L1
C/A, such as Bufeng-1 [28] for L1/B1, Fengyun-3 [29] and
Spire GNSS-R [30] for L1/E1/B1, FSSCat for E1 [31], and
HydroGNSS for L1/E1 and L5/E5A [32].

As for the modernized GPS, the first GPS III satellite
was launched on December 23, 2018, and began service
on January 9, 2019 [33]. Currently, there are six GPS III
satellites in service up-to-date. While the BPSK modulated L1
C/A signal is retained to ensure compatibility with existing
processing strategies, the new civilian signals, such as L1C
signals, are also modulated by BOC with the same carrier as
the L1 C/A signal. The L1C signal consists of data (L1Cd) and
pilot (L1Cp) components with BOC(1,1) and time-multiplexed
BOC(6,1,4/33) modulations [34]. Due to the limited bandwidth
of most of the spaceborne GNSS-R receivers, only the BOC(1,
1) component in L1Cd and L1Cp signals can be received.
Different from the triangle shape of the BPSK autocorrelation
function (ACF), the BOC ACF has two negative side peaks
besides the main peak, which can reduce the width of the ACF
and reduce the multipath effects in traditional PVT applica-
tions. There have been a few studies on reflectometry using
modernized GNSS signals. Jales [35] explored a coherent
signal addition scheme for Galileo E1B and E1C BOC(1,
1) components in 2012. The signal-to-noise ratio (SNR) was
improved by 3 dB compared to that using the incoherent
addition. In 2020, Wang and Juang [36] proposed composite
delay-Doppler maps (DDMs) using simulated L1 C/A and L1C
signals by the open-source GNSS-R simulator Wavpy [37]
based on the configuration of the upcoming TRITON mission.
The results show that the root mean square error (RMSE) of

wind speed retrieved by three composite DDM observables
is approximately 1 m/s, while the state-of-the-art RMSE of
CYGNSS wind speed products is about 1.19 m/s [38]. This
provides a way to remove the noise without complicated power
calibration. However, L1 C/A and L1C DDMs are combined
after being incoherently averaged, which cannot efficiently
increase the SNR. In 2022, Li et al. [39] provide an overview
of up-to-date spaceborne GNSS-R raw intermediate frequency
(IF) datasets and corresponding processing methods. The
Institute of Space Sciences [ICE-Spanish National Research
Council (CSIC)/Institut d’Estudis Espacials de Catalunya
(IEEC)] published postprocessed data products including the
complex waveform (cWF) of the direct and reflected L1 C/A
signals, carrier phase, and metadata, using TDS-1, CYGNSS,
Bufeng-1, and Spire GNSS radio occultation raw IF datasets.
By applying the same processing strategy, the cWF of GPS III
satellites can be generated including both the C/A code and
the L1C signal components.

Considering the autocorrelation properties of L1 C/A and
L1C signals, this article proposes a new processing method
that combines them coherently. Specifically, 1-ms coherently
correlated cWFs of L1 C/A, L1Cd, and L1Cp are combined
to generate a new combined waveform, which can improve
GNSS-R observation performance. The rest of this article is
organized as follows. Section II introduces the autocorrelation
characteristics of L1 C/A and L1C signals, as well as the
proposed coherent combination method. In Section III, the
proposed method is implemented in the processing of direct
and reflected signals collected by the CYGNSS satellites.
Theoretical improvements of the combined waveforms are ana-
lyzed and validated by the measured data. The improvements
in ocean altimetry and wind speed retrieval are validated and
analyzed in Section IV. Finally, the conclusions and outlooks
are provided in Section V.

II. GPS III SIGNAL PROPERTIES AND DATA PROCESSING

In order to explain the principle behind combining GPS III
L1 C/A and L1C signals, their mathematical expressions and
characteristics will be explained in this section. In addition, the
CYGNSS raw IF data of GPS III and its processing method
are illustrated in detail.

A. Properties of GPS III L1 C/A and L1C Signals

The L1 band (centered at 1575.42 MHz) signals transmitted
by modernized GPS III satellites partially consist of L1 C/A
and L1C signal components, which can be expressed as

SL1(t) =

√
PCASCA(t)+ j

[√
PCdSCd(t)+

√
PCpSCp(t)

]
(1)

where PCA, PCd, and PCp are the powers of three components
and SCA, SCd, and SCp are the pseudorandom noise (PRN)
modulated signal components before correlation. Detailed
information on different signal components is provided in
Table I.

The ideal L1 C/A signal with an infinite bandwidth is
modulated using BPSK(1) with its ACF defined approximately
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TABLE I

SUMMARY OF GPS L1 C/A AND L1C SIGNALS [34], [40]

as

RCA(τ ) =

 1 −
|τ |

Tchip
, |τ | < Tchip

0, else
(2)

where τ is the code delay and Tchip is the time length of a
code chip.

As for the L1C signal, the modulation mode of the L1Cp
component is TMBOC(6, 1, 4/33) defined as

SL1Cp =
29
33

BOC(1, 1)+
4
33

BOC(6, 1). (3)

However, due to the limited bandwidth of the GNSS-R
instrument onboard the CYGNSS satellites, the BOC(6,1)
component is filtered, and the BOC(1, 1) component is also
filtered significantly due to the shape of its power spectrum.
Received L1Cd and L1Cp signals only contain the BOC(1,
1) component. The ideal ACF of BOC(1, 1) signals with an
infinite bandwidth is defined as

RL1C(τ ) =


1 −

3|τ |

Tchip
, |τ | <

Tchip

2
|τ |

Tchip
− 1,

Tchip

2
< |τ | < Tchip

0, else.

(4)

Other datasets from airborne and ground-based platforms did
receive signals with broader bandwidths [10], which could be
used to experiment with the full L1C components. This is left
for future work and not included in this study.

The L1 C/A and L1C signal components are modulated
at the same carrier signal, and the phases of the cWFs
from different signal components should be also coherent.
In addition, as shown in Fig. 1, there are two negative side
peaks in the BOC(1, 1) ACF, where the ACF value of L1 C/A
is numerically equal but inverse to that of L1C. Consequently,
by combining L1C and L1 C/A signals, the combined ACF is
limited within [−Tchip/2, Tchip/2]. If the power ratio between
L1 C/A and L1C signals is about 1:1, the ideal combined ACF
shown in Fig. 1 is defined as

Rcom(τ ) =
1
2

RL1 C/A(τ )+
1
2

RL1C(τ )

=

 1 −
2|τ |

Tchip
, |τ | <

Tchip

2
0, else.

(5)

It is noted that SCA has a 90◦ phase shift to SCd and SCp
because L1 C/A and L1C components are modulated quadra-
ture and in phase, respectively [34], [40]. When combining

Fig. 1. Ideal ACFs of the GPS L1 C/A BPSK(1), L1C BOC(1, 1), and
their combination. For Tchip/2 < |τ | < Tchip, the ACF value of L1 C/A is
numerically equal but inverse to that of L1C. Thus, by combining L1C to L1
C/A signals, the side peaks are removed and the width of the combined ACF
can reduce to [−Tchip/2, Tchip/2].

them coherently, their phase difference should be taken into
account.

In reality, the receiver bandwidth is not infinite, and the
received L1 C/A and L1C signals are filtered accordingly.
Thus, the combined ACF in Fig. 1 and (5) may change
for different receiver bandwidths. According to Table I, the
minimum received power ratio between L1 C/A and BOC(1, 1)
components in L1Cd and L1Cp signals is about 0.44:0.16:0.40.
Thus, the amplitude ratio between BPSK(1) and BOC(1, 1)
components is about 1:1.128. To analyze the influence of the
receiver bandwidth, ACFs of BPSK(1) and BOC(1, 1) are
filtered by different bandwidths with a peak ratio of 1:1.128.
As shown in Fig. 2, the ACFs of BPSK(1) and BOC(1, 1)
filtered by 2.0, 2.5, 4.0, and 10.0 MHz and infinite bandwidths
are compared. Due to the shape of the power spectrum,
BOC(1, 1) signals lose more information if the bandwidth is
lower than 4 MHz. When the bandwidth is 2.5 MHz, the ratio
of the ACF peak between BPSK(1) and BOC(1, 1) is about
1:0.96. For convenience, it can be regarded as 1:1 so that the
combining method in (5) can be still applied when the receiver
bandwidth is 2.5 MHz.

Then, BPSK(1) and BOC(1, 1) ACFs are added with the
ratio of 1:1, as shown in Fig. 3, and the filtered BPSK(1),
BOC(1, 1), and combined ACF peaks, as well as the amplitude
and power ratio between the combined and BPSK(1) ACFs, are
given in Table II. With the bandwidth increasing, the combined
ACF peak also increases mainly benefiting from the decreasing
power loss of the BOC(1, 1) signal. When the bandwidth
reaches up to 10.0 MHz, the shape of the combined ACF
is similar to that with the infinite bandwidth. In this article,
the main concern is the situation with the receiver bandwidth
of 2.5 MHz. The ratio between combined and BPSK(1) ACF
peaks is about 1.96, and the power ratio is its square, i.e.,
3.84. Although side peaks exist, their amplitudes are very
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Fig. 2. ACFs of BPSK(1) (left) and BOC(1, 1) (right) signals with different bandwidths. When the bandwidth is 2.5 MHz, the ACF peak values of BPSK(1)
and BOC(1, 1) are 0.912 and 0.875, respectively.

Fig. 3. ACFs of combined waveforms with the combination coefficient as
1:1. The filtered peak ACF value with the 2.5-MHz bandwidth is about 1.787.

small, and they will not influence the combination a lot. As for
different receiver bandwidths, the combination coefficients can
be redesigned to ensure the equal amplitude of BPSK(1) and
BOC(1, 1) signals according to their ACF peak ratios given
in Table II.

B. CYGNSS Raw IF Data Processing

Raw IF data are processed using the GNSS-R software
receiver to obtain GPS III L1 C/A and L1C cWFs. This section
presents the CYGNSS dataset and raw IF data processing
method.

1) Dataset: CYGNSS selectively provides raw IF direct and
reflected signal data to explore specific events [41], such as
hurricanes and frozen lakes. Each raw IF data file contains
a 30–60-s raw signal sample stream received by both zenith

TABLE II
ACF PEAKS OF BPSK(1), BOC(1, 1), COMBINED SIGNALS, AND AMPLI-

TUDE AND POWER RATIOS BETWEEN COMBINED AND BPSK(1)
SIGNALS WITH DIFFERENT BANDWIDTHS

and nadir antennas. The bandwidth of the raw signals is
approximately 2.5 MHz centered at around 3.8 MHz. Real
sampling is applied with the sampling rate of 16.0362 MHz,
and the quantizer resolution is 2 bits. With the 2.5-MHz
bandwidth, the BOC(6, 1) component in L1Cp signals and
the partial BOC(1, 1) component in L1Cd and L1Cp signals
are filtered out. Finally, only the partial BOC(1, 1) component
in L1C signals can be obtained from CYGNSS raw IF data.
In order to calculate the position of the specular point (SP),
it is necessary to collect the orbits and altitude information
of GPS transmitters and CYGNSS receivers. GPS transmit-
ters’ positions are calculated using multi-GNSS experiment
(MGEX) data from the International GNSS Service (IGS)
[42]. CYGNSS L1 data [43] contain the orbit and altitude
information of the receivers.

The datasets during 2019–2022 are processed to obtain GPS
III signals reflected from the ocean surface. There are a total of
23 sets of raw IF collections over the ocean, which include the
signals transmitted by the GPS III satellites. After removing
the tracks with low SNR (as discussed in Section III), we only
keep 15 tracks of GNSS-R data from GPS III satellites with
their information presented in Table III and their ground tracks
shown in Fig. 4.
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Fig. 4. Spatial distribution of the processed GPS III reflected signals. There are a total of 15 tracks used later in the performance analysis of the combined
waveforms.

TABLE III
BASIC INFORMATION OF 15 TRACKS OF PROCESSED GPS III RAW IF DATA

2) Raw IF Data Processing: The main raw IF data process-
ing follows [39] with the addition of L1C signal processing,
which consists of closed-loop processing of the GPS L1
C/A direct signal and open-loop processing of the direct
L1C signal and the reflected L1C and L1 C/A signals. The
auxiliary parameters, such as the positions, velocities, and
timing information of the GPS transmitters and CYGNSS
receivers, are extracted from the corresponding GPS precise
ephemeris files and CYGNSS L1 data.

The L1 C/A direct signal is demodulated based on a
generic GNSS signal processing following [44]. The code
offset ψd(t), carrier frequency fd(t), and carrier phase φd(t)
are estimated after signal acquisition and tracking by a delay-
locked loop and a phase-locked loop, generating the time series
of [ψd(t), fd(t), φd(t)]. A third-degree polynomial function is
then implemented to smooth the time series and reduce random
tracking errors. As the GPS L1 C/A code signal and the L1C
signals are synchronized with their code phases and modulated
at the same carrier signal, the code phase, carrier frequency,
and carrier phase of the L1C signal can be computed directly
from those of the GPS L1 C/A code signal. With those param-
eters, the received direct signals sd(t) are cross-correlated with
the local carrier and PRN code replicas generated using the
smoothed code offset ψd(t), carrier frequency fd(t), and phase
φd(t). The cWFs of different signal components in the direct

signal can be expressed as

zX
d (t0, τ ) =

∫ Tc/2

−Tc/2
s X

d (t0 + tc)cX [ψd(t0 + tc)+ τ ]

× e− j2π[ fd (t0)tc+φd (t0)]dtc (6)

where the superscript X denotes the signal components, i.e.,
C/A, L1Cd or L1Cp, t0 is the epoch of the direct waveform,
c(·) is the local PRN code replica, and Tc is the coherent
integration time, which is set as 1 ms for all the signal
components.

The open-loop processing for the reflected signal compo-
nents is based on the same processing strategy in [19]. The
code offset ψr (t), carrier frequency fr (t), and phase φr (t) of
the reflected signals can be computed through

ψr (t) = ψd(t)− δτ(t) · fcode

φr (t) = φd(t)− δτ(t) · fc

fr (t) = fd(t)−
∂

∂t
δτ(t) · fc (7)

where δτ(t) = δρ(t)/c is the time delay difference between
the direct and reflected signals, fcode = 1.023 MHz, and fc =

1575.42 MHz for both L1 C/A and L1C signals.
With the code and carrier parameters computed from (7),

the cWF of the reflected signal s X
r (t) is also generated by
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cross-correlating with the code and carrier replicas

zX
r (t0, τ ) =

∫ Tc/2

−Tc/2
s X

r (t0 + tc)cX [ψr (t0 + tc)+ τ ]

× DX [t0 + tc − δτ(t0)]e− j2π[ fr (t0)tc+φr (t0)]dtc (8)

where the coherent time Tc is also set as 1 ms, the superscript
X denotes the signal components, i.e., C/A, L1Cd or L1Cp, and
DX is the navigation data bits or the secondary code obtained
from the direct signal cWFs in (6). Thus far, the L1 C/A,
L1Cd, and L1Cp direct and reflected 1-ms cWFs are generated
and can be combined coherently.

III. IMPLEMENTATION, VALIDATION, AND RESULTS

A. Coherent Combination of L1 C/A and L1C Signals

Before combining, the phases of L1Cd and L1Cp cWFs
need to be shifted 90◦ because of the phase difference. The
phase correction of the L1Cd/L1Cp cWF is implemented
simply by

z′

L1C(t, τ ) = zL1C(t, τ )e− j π2 (9)

where z′

L1C(t, τ ) represents the 1-ms direct/reflected
L1Cd/L1Cp cWF after the 90◦ phase correction.

According to Table I, the minimum received power ratio
between L1 C/A, L1Cd, and L1Cp is about 0.44:0.16:0.40.
As analyzed in Table II, the power ratio between L1 C/A and
L1C signals after the 2.5-MHz bandwidth limiting should be
about 1.09:1. With the power ratio between L1Cd and L1Cp
normally unchanged, the power ratio between L1 C/A, L1Cd,
and L1Cp should be about 0.52:0.14:0.34, which conforms
well to that in the measured direct signals, as shown in
Table IV. For convenience, the power ratio is deemed as
0.50:0.15:0.35. Assuming that the peak power of the L1 C/A
signal is P , the powers of L1Cd and L1Cp signals are 0.3P
and 0.7P , respectively. To ensure the 1:1 ratio between the L1
C/A component and the L1C component, three components are
combined using a weighted strategy

zcom(t0, τ ) = zL1CA(t0, τ )

+
√

0.3z′

L1Cd(t0, τ )+
√

0.7z′

L1Cp(t0, τ ) (10)

where zL1 C/A, zL1Cd, and zL1Cp are 1-ms cWFs. Then, NI

combined cWFs are averaged incoherently to generate the
power waveform

Zcom

(
t +

NI Tc

2
, τ

)
=

1
NI

NI∑
k=1

|zcom(t + kTc, τ )|
2 (11)

where NI is the number of incoherent samples. After process-
ing all CYGNSS raw IF data transmitted by GPS III satellites
according to Section II-B2, 23 tracks are generated over the
ocean. As mentioned in Section II-B1, only 15 tracks remain
with enough SNR. In this article, the average peak SNR over
each track is used to evaluate the performance of waveforms
as

SNR =
1
Nt

Nt∑
i=1

10 lg
Zcom(ti , τmax)− PN (ti )

PN (ti )
(12)

where Nt is the number of incoherent averaged samples in a
track, Zcom(ti , τmax) denotes the peak power of Zcom(ti ) at the
delay of τmax, and the noise floor PN (ti ) is calculated by

PN (ti ) =
1

100

100∑
j=1

Zcom(ti , τ j ). (13)

In this article, the delay of waveforms ranges from −12.248 to
19.585 chips, totaling 500 points with the SP located at the
193rd point of the waveform. According to the ACF width of
L1 signals, the first 100 points in the waveform have no signal
components.

As analyzed in Section II-A, the peak of the combined
power waveform Pcom should be 3.84 times compared to that
of the L1 C/A component PCA as

Pcom(τmax) =
1

NI

∑
|zL1CA(t, τmax)+

√
0.3z′

L1Cd(t, τmax)

+
√

0.7z′

L1Cp(t, τmax)|
2

≈ 3.84PCA. (14)

The noise power of the correlator output can be calculated
by [45], [46]

PN =
N0

4Tc

∫ B/2

−B/2
|H( f )|2G( f )d f (15)

where B is the receiver bandwidth, N0 is the constant noise
power spectrum density (PSD) of the noise, H( f ) is the
frequency response of the front-end filter, and G( f ) is the
PSD of the signal. Thus, the theoretical noise power ratio
between L1 C/A [BPSK(1)] and L1C [BOC(1, 1)] signals in
the CYGNSS data should be

PL1CA
N

PL1C
N

=

∫ B/2
−B/2 |H( f )|2GL1CA( f )d f∫ B/2
−B/2 |H( f )|2GL1C( f )d f

≈ 1.3 (16)

where PL1CA
N and PL1C

N are noise powers of L1 C/A and L1C
signals, B is equal to 2.5 MHz, and GL1CA( f ) and GL1C( f ) are
their PSDs, respectively. The result is close to that calculated
from the measured data, which is about 4:3, as shown in
Tables IV and V. Both the noise floors of L1 C/A, L1Cd,
and L1Cp conform to the zero-mean Gaussian distribution.
Supposing the variance of the L1 C/A noise floor as σ 2

noise, the
variance of L1Cd and L1Cp noise floors is about 0.75σ 2

noise due
to the different modulation methods. The weighted summation
of them still conforms to a Gaussian distribution

Ncom = NL1CA +
√

0.3NL1Cd +
√

0.7NL1Cp

∼ N (0, 1.75σ 2
noise). (17)

The noise power of the combined waveform can be calculated
as the expectation

Pcom
N = E

[(
NL1CA +

√
0.3NL1Cd +

√
0.7NL1Cp

)2
]

= 1.75σ 2
noise. (18)

Based on (14) and (18), the SNR of the combined power
waveform should be

SNRcom = 10 lg
3.84PCA

1.75σ 2
noise

. (19)
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Fig. 5. Phases of direct L1 C/A cWFs compared to those of L1Cd (a) and L1Cp (b) cWFs and those of reflected L1 C/A cWFs versus L1Cd (c) and L1Cp
(d) cWFs; 1000 cWFs from 58 to 59 s are selected in Track 11. The phases of direct cWFs are centered at 0 due to closed-loop processing. For reflected
cWFs, most samples cluster along with the red 1:1 line after the phase correction. It should be noted that samples on the top left and bottom right of (c) and
(d) also have a similar phase, although with a 360◦ cycle difference.

TABLE IV
POWER RATIO AND AVERAGED SNRS OF FOUR KINDS OF WAVEFORMS OBTAINED FROM DIRECT SIGNALS

Therefore, the theoretical SNR improvement 1SNR can be
calculated by

1SNR = SNRcom − SNRCA ≈ 3.4 dB. (20)

B. Validation Using Direct Signals

To validate the power ratio and phase difference between
L1 C/A, L1Cd, and L1Cp components, as well as the SNR
improvement, the cWFs of the direct signals are analyzed.
As shown in Fig. 5(a) and (b), the phases of the direct L1Cd
and L1Cp cWFs are corrected and compared to those of L1
C/A cWFs at the peak of the waveform, in which their phases
center at (0, 0) due to the closed-loop processing.

By setting NI as 1000 (1-s incoherent averaging), the shapes
of the L1 C/A and L1C signals, as well as the square of the
combined ACFs, are shown in Fig. 6. In addition, a sample
including three normalized direct power waveforms is also
plotted for comparison. Both L1 C/A and L1C ACFs and
normalized waveforms fall within [−1, 1] chips while [−0.5
0.5] chips for the combined ACF and waveform. Except for
L1C signals, ACF2 conforms well to the power waveform
of the direct signal, albeit in the presence of some noise.
As mentioned earlier, the bandwidth of L1C signals is larger
than 2.5 MHz, and some components are filtered.

Fig. 6. Comparison between the ACF2 and the normalized power of received
direct GPS L1 C/A, L1C, and combined signals. The bandwidth is limited
to 2.5 MHz according to the configuration of CYGNSS receivers using
eighth-order low-pass Butterworth filters.

All 15 tracks are processed, and the averaged power
ratios and SNRs are shown in Table IV, in which



5801019 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 62, 2024

TABLE V
POWER RATIO AND AVERAGED PEAK SNRS OF FOUR KINDS OF WAVEFORMS USING REFLECTED SIGNALS

Fig. 7. SNR time series of direct signals in Track 11. The averaged SNRs
SNR of combined, L1 C/A, L1Cd, and L1Cp waveforms are, respectively,
19.12, 15.85, 11.14, and 14.90 dB.

1SNR = SNRcom − SNRCA. The averaged power ratios of
received L1 C/A, L1Cd, and L1Cp direct signals and their
noise floor are about 0.5:0.15:0.35 and 0.4:0.3:0.3, which
conforms well to expected ratios. It ensures that the proposed
combining strategy is available. Compared to that of the L1
C/A waveform, the SNR of the combined waveform shows
about 3.46-dB improvement computed as (12). This result
corroborates the analysis in Section III-A. The SNR time series
of direct signals in Track 11 is plotted in Fig. 7. It shows about
3.27-dB stable increments compared to the L1 C/A waveform.

C. Combination of Reflected Waveforms

The reflected L1 C/A and L1C composite signals can also
be combined coherently before the incoherent average. For the
ocean scattered signals, there are coherent and incoherent com-
ponents regarding the sea surface roughness. For the coherent
component, the SNR improvement from the combination will

be similar to that of the direct signal. However, the incoherent
component is dominant in ocean scattering. The scattering
mechanism over the ocean and the smaller first isodelay area
will degrade the improvement. The theoretical model of the
power DDM at each delay τ̂ and Doppler shift f̂ is defined
as [47]〈

PS(τ̂ , f̂ )
〉

= PT GT
λ2

(4π)3

∫ ∫
G R(r)σ0(r)
R2

T (r)R2
R(r)

×32[τ(r)− τ̂
]
S2[ f (r)− f̂

]
dr (21)

where PT is the transmitted GPS signal power, GT and G R

are transmitter and receiver antenna gains, RT and RR are,
respectively, the ranges from the ocean surface point to the
transmitter and receiver, λ is the signal carrier wavelength,
σ0 is the bistatic radar cross section (BRCS), and 3 and S
are ACF and sinc function, whose combination is called the
Woodward ambiguity function (WAF).

As discussed previously, the combined waveform is concen-
trated within a smaller delay range and has a sharper shape.
From the model in (21), the following aspects should be noted.

1) On the one hand, the spatial resolution (defined by the
pulse-limited footprint size) of the combined waveform
observation is expected to be improved.

2) On the other hand, the effective area (footprint size) of
the sea surface is reduced by a factor ∼2, which will
reduce the total power of the reflected signal.

3) Moreover, according to the relationship between the
Doppler shift and theoretical maximum coherence time
in [48], a narrower first isodelay ellipse leads to a
smaller Doppler shift separation and a larger maximum
coherence interval, which can allow longer coherent
integration time of the combined waveform.

These aspects will be analyzed in detail and validated by
using these 15 tracks of data.

1) Spatial Resolution: The “horseshoe” shape DDM is
centered on the SP, which is the power summation from
each grid around the SP in the glistening zone. Fig. 8 shows
the footprint corresponding to a DDM, which is divided by
multiple isodelay ellipses and iso-Doppler lines. The reflected



DU et al.: COHERENT COMBINATION OF GPS III L1 C/A AND L1C SIGNALS FOR GNSS-R 5801019

Fig. 8. Distribution of the delay and Doppler shift of the reflected signal
over the surface (incidence angle i = 22.29◦, azimuth angle α = 118.10◦,
and CYGNSS receiver altitude H = 539 231 m). The blue and red ellipses
are the first isodelay ellipses of L1 C/A and combined signals, respectively.

power from each DDM bin is mapped into the scattered power
from their corresponding intersection grids. For the GPS L1
C/A scattered power at the SP, it includes the scattered signals
from the region with the delay of [0, 1] chips (blue isodelay
ellipse in Fig. 8). For the combined signal, the width of the
ACF is half of the L1 C/A’s ACF, and the surface region
contributing to the SP of the DDM is within the delay of [0,
0.5] C/A code chips. Without considering the Doppler shift,
the spatial resolutions of the L1 C/A and combined DDM are
about 17.5 and 12.5 km in diameter, respectively, with area
resolution improved by 50%.

2) SNR: Following the same coherent combination strategy,
the cWFs of the reflected signal from L1 C/A, L1Cd, and
L1Cp have been also processed. Similar to the direct signals
combination, the phases of the reflected L1Cd and L1Cp cWFs
are corrected and compared to those of L1 C/A cWFs at the
peak of the waveform in Fig. 5(c) and (d). It can be seen
that their phases are, in general, consistent with each other,
however, with a relatively larger dispersion than those of the
direct signals.

The power waveforms generated from L1 C/A, L1Cd, L1Cp,
and their combination are compared in Fig. 9 (top). The
peak power and noise floor of the combined waveform are
about 2.68 and 1.90 times higher than that of the L1 C/A
waveform, corresponding to an SNR improvement of 1.66 dB.
To compare the shape of waveforms, they are normalized
after removing the noise floor as Fig. 9 (bottom). It is shown
that the combined waveform is with a steeper leading edge
slope (LES). According to (26), the ranging standard deviation
(STD) is partly determined by the ranging sensitivity Sr , which
is defined as the normalized slope of the waveform. Therefore,
the increasing LES of the combined waveform will contribute
to increasing Sr and reducing the ranging STD, which implies
better altimetry performance.

It is noted that the SNR improvement of the reflected signal
using the combination of L1 C/A and L1C components is not
as high as that of the direct signal (i.e., ∼2 versus ∼3 dB). This
is due to the smaller effective scatter area of the SP bin for

Fig. 9. 1-s incoherently averaged reflected L1 C/A, L1Cd, L1Cp, and
combined power waveforms (top) and their normalized power waveforms
(bottom) from Track 11. The noise floor of each waveform in the bottom
plot is calculated as (13) and has been removed.

the combined waveform (narrower ACF). To compare the peak
power between L1 C/A and combined waveforms, the simu-
lation described in the Appendix is performed. The simulated
peak power of the normalized combined waveform is about
2.26P–2.96P under different incidence angles, azimuths, and
wind speeds. The noise floor of the combined reflected signal
remains at about 1.75σ 2

noise. The theoretical SNR improvement
of reflected signals can be calculated by

1SNRr = SNRr
com − SNRr

CA

= 10 lg
Pr

com

1.75σ 2
noise

σ 2
noise

Pr
CA

∈ [1.11 dB, 2.28 dB] (22)

where Pr
com and Pr

CA denote the peak power of combined and
L1 C/A waveforms, respectively. Based on this simulating
method, the simulated L1 C/A and combined waveforms are
also generated for 15 tracks. Then, the ratio between the
peak power of simulated L1 C/A and combined waveforms
is compared to that of measured waveforms. As shown in
Fig. 10, the simulations slightly underestimate the power ratio
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Fig. 10. Comparison between the simulated and measured power ratio for
all 15 tracks. The median power ratio for each track is calculated.

while overall conforming well to the measured one. It proves
that the simulation is conservative yet effective and consistent
with the measurements.

As shown in Table V, the SNRs of the combined waveforms
show a 1.93-dB improvement on average computed as (12).
The range of SNR increments is almost consistent with the
simulation result, from 1.13 to 2.38 dB. To observe the
performance on continuous samples, the SNR time series of
Track 11 is plotted in Fig. 11. It shows approximately 1.65-dB
stable increments compared to the L1 C/A waveform. It is also
noted that the SNR of the L1C signals (i.e., L1Cd or L1Cp)
is lower than that of the GPS L1 C/A signal (e.g., 7.0 and
3.2 dB lower than that of L1 C/A in Track 11), which implies a
degraded performance in geophysical applications. Therefore,
we only compare the ranging and scatterometry performance
between the L1 C/A and combined waveforms in Section IV.

3) Coherent Integration Time: The smaller footprint size of
the reflected L1 combined signal (as shown in Fig. 8) implies
a narrower Doppler bandwidth of the reflected signal within
its footprint, which makes it possible to use longer coherent
integration time for the combined signal than the L1 C/A code
signal. This assumption can be validated by applying different
coherent integration intervals of 1/2/3/4/5 ms to the cWFs,
along with a 10-s incoherent averaging time.

Table VI shows the SNRs of the reflected C/A code signal
and L1 combination using different coherent intervals, which
indicates that longer coherent intervals can reduce thermal
noise and enhance the SNR. In most of the tracks, the
SNR is the highest when using the 5-ms coherent interval.
Fig. 12 (left) shows the averaged SNR at the SP of all
tracks at different coherent intervals for L1 C/A and combined
waveforms, which clearly shows that the SNR can be improved
by increasing the coherent interval. For the combined wave-
forms, the averaged SNR using the 5-ms coherent interval is
improved by 2.13 dB compared to that using 1 ms, while it
is about 1.54 dB for the L1 C/A waveform. For convenience,

Fig. 11. SNR time series of reflected signals. The averaged SNRs SNR of
combined, L1 C/A, L1Cd, and L1Cp waveforms are, respectively, 8.12, 6.48,
−0.56, and 3.28 dB.

the averaged SNR increment at different coherent intervals
between two waveforms is shown in Fig. 12 (right). For the
combined waveform, the SNR is always larger, and 1SNR
tends to be saturated when the coherent interval reaches
4 ms.

IV. PRELIMINARY PERFORMANCE VALIDATION IN
GEOPHYSICAL APPLICATIONS

Due to the higher SNR and steeper LES, the geophysical
retrieval performances using the L1 C/A and L1C combined
waveform are expected to be improved. In this section, we take
ocean altimetry and wind speed retrieval as examples to
demonstrate the performance improvement brought by the
proposed processing approach.

A. Ocean Altimetry

1) Waveform Retracking: GNSS-R ocean altimetry perfor-
mance relies on the LES of the measured power waveform.
The altimetry retrieval applied to the L1 C/A and L1C combi-
nation can be referenced to [19]. The half retracking approach
is exploited in this work, in which the delay where the power is
a given fraction of the peak power is taken on the leading edge
of the waveform as the retracking point. Typically, the fraction
is set as about 0.5. However, as for GNSS-R waveforms,
we select 0.75 according to Cardellach et al. [49].

After obtaining the incoherent L1 C/A and L1 combined
waveforms, the noise floor is removed from the power
waveform, and a cubic interpolation is applied to obtain a high-
resolution waveform with a 100 times shorter delay interval.
Then, the delay where the power is 0.75Z(t, τmax) is found
on the high-resolution waveform. An example of the L1 C/A
waveform using the half retracker is shown in Fig. 13, and its
range measurement is 3.18 m.
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TABLE VI
AVERAGED SNRS AT THE SP OF L1 C/A AND COMBINED WAVEFORMS USING DIFFERENT COHERENT INTERVALS AND THE AVERAGED PEAK POWER

RATIO BETWEEN L1 C/A, L1CD, AND L1CP COMPONENTS

In this article, the range precision is defined as the STD of
the delay residual from the model

σ obs
ρ =

√〈
|δρres − ⟨δρres⟩|

2〉 (23)

where δρres = ρobs − ρmodel. The model delay ρmodel for
each track is estimated from the Technical University of
Denmark (DTU) mean sea surface (MSS) model. Then, the
height residual can be calculated according to the geometric
relationship

δh = −
δρres

2 cos i
(24)

where i is the incidence angle. The altimetric precision can
be calculated after the conversion from range to height mea-
surements.

The median absolute deviation (MAD) is also chosen as
a robust metric in case outliers exist. The MAD of range
measurements MADobs

ρ is calculated by

MADobs
ρ = M[|δρres − M(δρres)|] (25)

where M is the median. The MAD of the height MADobs
h can

also be calculated by (24) and (25).
As proposed in [50], the ranging precision σρ can be

predicted theoretically as

σρ =
1

Sr (τrtk)
√

NI
×

[
1

R(τrtk)
+

1
PN(τrtk)

]
(26)

where τrtk is the delay of the retracking point, Sr is the
altimetry sensitivity computed from the modeled waveform
by Sr = Z ′(τrtk)/Z(τrtk), which is directly correlated to LES,
R is the effectiveness of incoherent average, and PN(τrtk) is
defined as

PN(τrtk) = 0.75
P − PN

PN
= 0.75 × 10

SN R
10 . (27)

For simplification, an empirical expression for CYGNSS L1
C/A ranging precision is approximated as [19]

σρ = 3.28 ×

[
1.08 +

1
PN(τrtk)

]
. (28)
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Fig. 12. Averaged SNR at the SP of the waveform for all 15 tracks using different coherent intervals (left) and the averaged 1SNR between the combined
and L1 C/A waveforms versus coherent intervals (right). It can be found that the improvement saturates at 5 ms. With the increasing coherent integration
time, the signal bandwidth decreases until the signal component is also filtered out except for noise. Thus, the SNR of signals cannot be improved anymore
although increasing the coherent interval.

Fig. 13. Example of half retracking. The incoherent L1 C/A waveform after
removing the noise floor calculated by (13) is normalized by the peak power.
The delay of the half retracking point is 3.18 m.

As calculated in Section III-C2, the combined waveform
exhibits an improved SNR. According to (26), both the
altimetry sensitivity Sr and SNR of the combined wave-
form increase. Hence, the theoretical range precision σρ
should be improved. A fitting of the empirical relationship
between σρ and SNR for the combined waveform will be
conducted.

2) Altimetry Performance of the Combined Waveform: The
half retracking method is implemented on the selected tracks
with the results shown in Table VII. It can be found that the
ranging precision varies from 2.74 to 6.53 m with 1-Hz code
delay measurements from the combined waveforms, which
is more stable compared to L1 C/A from 4.57 to 15.61 m.
The ranging STD improves by 35.3%–61.6%, and the MAD
improves by 22.4%–64.4%. Furthermore, the STD of height

measurements is between 1.53 and 7.77 m. The ranging STDs
obtained from L1 C/A and combined waveforms for all tracks
are presented as a function of the SNR in Fig. 14. It shows
great agreement between the model prediction in (28) and the
realistic STD for L1 C/A delay measurements. A model func-
tion for the combined delay measurements is also generated
based on the least square principle as

σ com
ρ = 2.03 × [1.25 + 1/PN(τrtk)]. (29)

As discussed above and shown in Fig. 9, the LES of combined
ACF is steeper than the L1 C/A ACF, which contributes to a
better ranging sensitivity [by a factor of about 1.6 accord-
ing to (28) and (29)]. The input of the two model curves
is converted from PN to SNR(τmax) for the comparison.
It demonstrates that the delay measurements from combined
waveforms are more stable than those from L1 C/A wave-
forms, which benefits from the narrower ACF and SNR
improvement.

The ranging precision of two tracks, Tracks 8 and 11,
is evaluated in detail. Fig. 15 shows the time series of delay
residuals from both the combined and L1 C/A waveforms,
corresponding to the low and high SNR situation. It is notable
that the delay measurements from the combined waveforms
show smaller fluctuations, especially when the SNR of the L1
C/A waveform is low, as shown in Fig. 15 (top). According to
the empirical relationship between the ranging STD and SNR
for L1 C/A and combined waveforms, the STD improvement is
more evident when the SNR is low so that the fluctuations are
smaller. It is noted that in this article, we focus on analyzing
the STD of the delay measurements to obtain the altimetric
precision of the proposed combined waveform. Therefore, the
retracking point of the combined waveform is selected by
using the same half factor as that of the L1 C/A waveform,
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Fig. 14. Ranging precision of delay measurements from reflected L1 C/A
and combined waveforms versus the SNR. The model curve of L1 C/A is
presented as (28), while the model curve of the combined situation is fit
using the least square principle.

which can be further optimized to improve the altimetry
accuracy.

To intuitively validate the altimetric results, the height
retrievals from L1 C/A and combined waveforms in Track
11 and Track 13 are compared to the DTU18 MSS model,
as shown in Fig. 16. It can be found that the height retrievals
calculated using combined observations are distributed closer
to the model height with a smaller fluctuation in both
tracks. The RMSEs of combined height retrievals compared to
DTU 18 MSS in Track 11 and Track 13 are 1.53 and 2.38 m,
respectively, improved by 40.0% and 35.3% compared to those
of L1 C/A height retrievals. It also proves that the coherent
combined waveform shows better altimetric precision.

B. Ocean Wind Speed Retrieval

To assess its performance on wind speed retrieval, the
SNR measurements are utilized and calibrated along each
track. Generally, σ0 is used to retrieve ocean wind speed,
which is calculated by unwrapping the power DDM. The
waveform generated in this article is in counts, which can
be calibrated to the power DDM with necessary parameters,
such as the instrument gain. For simplification, we directly use
the SNR of the waveform in counts and remove the influence
of the receiver gain and geometry to obtain an approximate
BRCS σp according to (21), where the joint influence of the
gain and geometry can be defined as range corrected gain
(RCG). In the cWF products, the positions and velocities of
GPS transmitters and CYGNSS receivers are calculated and
provided, as outlined in Section II-B2. Then, the azimuth
and elevation angles of signals reflected from the SP are
calculated in the CYGNSS body frame. The antenna pattern
is determined by them to calculate the linearized receiver gain
G Rl . Finally, the linearized SNR is normalized by RCG

σp =
10

SNR
10

RCG
=

10
SNR
10 R2

T R2
R

G Rl
× 10−27. (30)

Fig. 15. Time series of delay measurements in Track 8 (top) and Track
11 (bottom). In Track 8 (top), the measurements at 32–34 s are flagged as
blackbody samples, and they are discarded. The ranging measurements from
the combined waveform show a lower STD.

To compare the performance of σp derived from L1 C/A
and combined waveforms on wind speed retrieval, the Pearson
correlation coefficient R is computed as

R =

∑Nt
i=1[σp(i)− σp(i)][u10(i)− u10(i)]√∑Nt

i=1[σp(i)− σp(i)]2
√∑Nt

i=1[u10(i)− u10(i)]2

(31)

where u10 is the matched European Center for Medium-Range
Weather Forecasts (ECMWF) ERA5 wind speed, and Nt is the
number of samples in a track.

The quality control is performed through three filtering
criteria, including the following.

1) The incidence angle is larger than 60◦ (Track 9, Track
12, and Track 14).

2) There are samples with abnormally high σp of L1 C/A
signals in the tracking (Track 6 and Track 13).

3) The relationship between σp of L1 C/A signals and wind
speed is abnormally positive (Track 3 and Track 11).
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TABLE VII
STD AND MAD OF RANGE AND HEIGHT MEASUREMENTS FROM L1 C/A AND COMBINED WAVEFORMS

Fig. 16. Two examples of height retrieved using L1 C/A and combined
waveforms in Track 11 (left) and Track 13 (right). They are chosen due
to the more obvious change of height compared to other tracks. Heights
retrieved using combined waveforms are more robust and clustered around
the DTU 18 MSS model.

After the quality control, there are eight tracks left. The
averaged SNR and R are calculated, along with wind speed

shown in Table VIII. It should be noted that when calculating
the SNR in this analysis, the peak power of the waveform is
replaced by the averaged power within [τmax − 2, τmax + 2].
Although the averaged SNR is slightly different from that in
Table V, there is still a 1.74-dB improvement compared to
the L1 C/A waveform. After converting the SNR to σp, the
correlation coefficient of all tracks is calculated, as shown in
Table VIII. Overall, Rcom is more negative than RCA, with
improved anticorrelation by 2.4%–46%. Due to the decreasing
sensitivity of GNSS-R observable with increasing wind speed,
the absolute value of the correlation coefficient for L1 C/A
measurements is smaller than 0.52 for Tracks 5, 7, and 8,
tracks of higher wind speed. The combined measurements
always show a higher anticorrelation with wind speed, partic-
ularly for high winds, improved by about 26.3% on average.

The relationship between σp and the wind speed of all tracks
is plotted in Fig. 17. σp calculated using combined measure-
ments and correlation coefficients, as shown in Table VIII,
is always larger than that using L1 C/A measurements. L1
C/A waveforms show low SNRs at high winds, which ruins
the wind retrieval performance. Moreover, σp is less sensitive
at high winds, and a small disturbance can lead to a large
wind speed retrieval error. After the coherent combination, the
SNR of combined waveforms is improved so that the STD
of wind speed retrieval decreases. Therefore, the combined
observable is more robust at high winds, thereby improving
its performance at high winds.

This preliminary validation demonstrates the potential of
the proposed coherent combined waveform for wind speed
retrieval. The linearized SNR after normalization shows a
higher correlation to wind speed compared to the traditional
L1 C/A measurements. However, the power calibration is
not well performed, and the influence of GPS effective
isotropic radiated power (EIRP) is not removed from σp.
In addition, the limited samples within a track hinder the
generation of a robust geophysical model function for wind
speed retrieval. Nevertheless, it is proven that the proposed
coherent combining method can improve wind speed retrieval
performance. In future works, the calibration algorithm should
be developed for the new GPS III L1C and combined
signals. Further validation of its performance can be con-
ducted by collecting more samples and implementing quality
control.
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TABLE VIII
AVERAGED SNR AND PEARSON CORRELATION COEFFICIENT R BETWEEN σp CALCULATED BY L1 C/A AND COMBINED WAVEFORMS AND WIND SPEED

Fig. 17. Comparison between σp and wind speed for L1 C/A and combined measurements in (a) Track 1, (b) Track 2, (c) Track 4, (d) Track 5, (e) Track 7,
(f) Track 8, (g) Track 10, and (h) Track 15. σp from the combined waveform is always larger than that from the L1 C/A waveform.

V. CONCLUSION

Large-scale ocean altimetry is difficult for iGNSS-R due
to the limitation of the antenna gain although multiple types
of GNSS signals can be applied and the altimetric precision
is higher. As for cGNSS-R, the ocean altimetry performance
can be further improved using modernized GNSS signals.
The utilization of modernized GNSS signals and the devel-
opment of future spaceborne GNSS-R payloads are crucial
for overcoming the limitations posed by commonly used L1
C/A reflected signals. In this article, a coherently combined
waveform is proposed by incorporating GPS III L1 C/A, L1Cd,
and L1Cp reflected signals based on their ACF characteristics.
The resulting waveform has a better spatial resolution due
to the narrower ACF and a higher SNR resulting from a
higher transmitted power compared to the traditional L1 C/A
waveform. The increased SNR contributes to improving the
performance of ocean altimetry and wind speed retrieval.
In addition, the higher spatial resolution can lead to a more
accurate retrieval and further monitoring of smaller scale
details of the ocean surface. Different tracks of CYGNSS
raw IF data are processed, from which GPS III L1 C/A
and L1C 1-ms cWFs are generated for each track. Despite
the CYGNSS receiver bandwidth hindering the collection of
one of the L1C components, the results of the combined
waveform with the BOC(1, 1) modulations of L1C show
improved performances. When using 1-s incoherent time, the

SNR of the combined waveform is improved by 1.13–2.38 dB.
More SNR improvement for the combined waveform can
be obtained using longer coherent intervals compared to the
L1 C/A waveform. The performance of GNSS-R geophysical
applications using the combined waveforms has been analyzed
preliminarily. Initial altimetric tests show that the STD and
MAD of ranging measurements decrease by 35.3%–61.6%
and 22.4%–64.4%, respectively. In addition, the correlation
coefficient between σp and wind speed improves by 46% at
most under high winds. These improvements in geophysical
applications can be foreseen due to the narrower ACF and
improved SNR of the L1 C/A and L1C combination.

The new coherent combination method for spaceborne
cGNSS-R stands out with a salient SNR improvement, which
is an exploration using the modernized GPS III reflected
signals. Other than ocean altimetry, DDM observables, such as
LES and normalized BRCS (NBRCS), can be extracted from
the combined DDM for ocean wind speed retrieval, significant
wave height retrieval, and so on. Due to a few samples
(less than 1 min) included in a raw IF file, the large-scale
performance is difficult to validate. However, it is possible that
the proposed combining method can be directly implemented
in the DDM instrument (DDMI), and the combined waveform
or DDM can be transmitted through the downlink channel for
further analysis and applications. In addition, HydroGNSS to
be launched in 2024 will generate raw IF data at least on
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Fig. 18. Simulated L1 C/A and corresponding combined waveforms with different incidence angles i , azimuth angles α, and wind speeds u:
i = 11.96◦, α = 271.92◦, and u = 0.03 m/s (top left); i = 35.30◦, α = 136.56◦, and u = 7.96 m/s (top right); i = 33.29◦, α = 244.51◦, and u = 0.52 m/s
(bottom left); and i = 60.79◦, α = 35.27◦, and u = 14.20 m/s (bottom right). The power ratios are 2.96, 2.63, 2.70, and 2.49, respectively.

a daily basis. With these new data, we believe that its ocean
altimetric and wind speed retrieval performance can be further
validated. With the development of the GNSS-R technique,
more kinds of GNSS-R reflected signals, such as Galileo E1
[19] and BeiDou-3 B1C [51], are studied and show improved
performance in ocean altimetry and wind speed retrieval. In the
next generation of the GNSS-R payload, multiple types of
reflected GNSS signals can be processed and explored to
improve the GNSS-R sensing ability, which may expand the
new potential applications.

APPENDIX
SIMULATION OF L1 C/A AND COMBINED WAVEFORMS

The 2-D convolution simulating method in [52] is applied
to generate simulated L1 C/A and combined waveforms.

The metadata, such as the positions and velocities of the
transmitter and receiver, the position of the SP, the signal
incidence angle, the receiver antenna gain, and the EIRP of
the GPS transmitter antenna, are extracted from the CYGNSS
L1 V2.1 data files [43]. Each sample is bilinearly interpolated
in space and linearly interpolated in time with the ECMWF
ERA5 reanalysis 10-m wind speed products [53].

The ACFs of L1 C/A and combined waveforms with the
2.5-MHz bandwidth are applied, as shown in Figs. 2 (left)
and 3. The delay resolution is about 0.064 chips (16.0362-
MHz sampling rate), which is consistent with the cWFs
generated in this article. The delay waveform ranges from
−2.048 to 2.048 chips. The Doppler resolution is 500 Hz
with the range from −2500 to 2500 Hz. In this article, only
the delay waveform at the 0 Doppler bin is analyzed. When
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Fig. 19. Power ratio versus the azimuth (top) and wind speed (bottom) with
different incidence angles.

calculating the power grid around the SP, the grid resolution is
200 m. According to Fernando Marchan-Hernandez et al. [52],
(21) can be rewritten as a 2-D convolution

PS(τ̂ , f̂ ) = G(τ, f ) ∗ ∗χ2(τ̂ , f̂ ) (32)

where G(τ, f ) is the power grid of L1 C/A reflected signals
without scattering and can be computed as

G(τ, f ) =
λ2 Pt G t

(4π)3

∫ ∫
G R(r)σ0[r,u(r)]

R2
T (r)R2

R(r)
× δ[τ − τ(r)]δ[ f − f (r)]dr (33)

where σ0[r,u(r)] is the BRCS of the facet r, computed by the
Katzberg wind/wave model [54] for the wind vector u(r), δ(·)
is the Dirac delta function, and χ2(τ̂ , f̂ ) is the WAF in (21).

Fig. 18 shows some examples of L1 C/A and combined
waveforms at different incidence angles, azimuths, and wind
speeds. The peak power ratio between the simulated combined
and L1 C/A waveforms ranges from 2.26 to 2.96, which is

lower than that of the direct signals. It can be found that
with the increase in the incidence angle, the power ratio
decreases. According to Clarizia et al. [55], the ellipses tend
to be wider for higher incidence angles, resulting in a larger
shrunk scattered area for the combined signals. In addition,
the power ratio appears to be less influenced by wind speed.
To further investigate the relationship between the power ratio
and incidence angle, azimuth, and wind speed, we selected
the measurements collected by the “cyg01” CYGNSS satellite
on February 17, 2019. Bad samples are filtered out by setting
the “quality_flags” equal to 0. The samples are then divided
into different ranges of incidence angle: [0, 20◦

], [20◦, 40◦
],

[40◦, 60◦
], and [60◦, 80◦

]. The peak power ratio versus the
azimuth and wind speed in different ranges of the incidence
angle is plotted in Fig. 19. It can be found that with the
increase in the incidence angle, the power ratio decreases as
analyzed above. Furthermore, the power ratio shows a periodic
change with the azimuth because 0◦–180◦ and 180◦–360◦

denote the signals received from starboard and port antennas,
respectively, as shown in Fig. 19 (top). When the azimuth is
equal to 90◦ or 270◦, the power ratio reaches the maximum.
As for the combined waveform, the shrunk area depends on the
cross field of isodelay ellipses and iso-Doppler lines. Referring
to Fig. 8, when the iso-Doppler line is parallel to the semimajor
axis of isodelay ellipses, the shrunk area is minimum, and
the lost power is also minimum. As the azimuth changes, the
shrunk area increases and reaches maximum until the azimuth
is equal to 0 or 180◦ (180◦ or 360◦).

In this section, we simulate the combined waveform based
on 2.5-MHz ACFs and CYGNSS L1 metadata. It is found
that the incidence angle and azimuth are the two main factors
determining the power ratio between the combined and L1
C/A waveforms. The improvement of the peak power is about
2.26–2.96 times, which is lower than that of the direct signal.
As analyzed above, it is caused by signal scattering and the
narrower ACF. Nonetheless, the combined waveform shows a
narrower width and larger power, which is consistent with the
theoretical analysis.
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