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other techniques offline. MIR maiden flights were conducted
ABSTRACT

Global Navigation Satellite Systems Reflected (GNSS-R)
signals exhibit an incoherent and a coherent components [1,
2]. Current models assume that one or the other are dominant,
and the calibration, and geophysical parameter retrieval (eg.
wind speed, soil moisture...) are developed accordingly. Even
the presence itself of the coherent component of a GNSS re-
flected signal has been a matter of discussion in the last years.
In this work, the method used in [3] to separate the leakage of
the direct signal from the reflected one is applied to a set of
GNSS signals reflected collected over the ocean by the MIR
[4, 5], an airborne dual-band (L1/E1 and L5/ESa), multi-
constellation (GPS and Galileo) GNSS-R instrument with two
19-elements array with 4 beam-steered each.

The results presented demonstrate the feasibility of the
proposed technique to untangle the coherent and incoherent
components in GNSS reflected signals. This technique allows
the processing of these components separately, which will in-
crease the calibration accuracy (as today both are mixed to-
gether), and allows high resolution applications since the spa-
tial resolution of the coherent component is determined by the
size of the first Fresnel zone [6] (300-500 meters from a LEO
satellite), and not by the size of the glistening zone (25 km
from a LEO satellite).

Index Terms— GNSS-R, Sea, Coherent scattering, inco-
herent scattering

1. INTRODUCTION

The Microwave Interferometric Reflectometer (MIR) [4, 7] is
an airborne GNSS-R instrument conceived to perform
c¢GNSS-R and iGNSS-R using dual-band (L1/E1 and L5/E5a)
high directive up-looking and down-looking antenna arrays
(21 dB at L1, 18 dB at L5). Despite the instrument was
conceived for real-time processing, the 1-bit raw data sam-
pled at 32 MS/s is also stored as part of the observables, to test



in Victoria, Australia in 2018. One of the flights was con-
ducted over the Bass Strait, the area that separates Australia
and Tasmania. The large directivity of the MIR antennas
allows a very clear detection of the GNSS reflected signal
with short incoherent integration times (40-300 ms). Despite
the evidences shown in the phase of the Delay-Doppler Map
(DDM) over the ocean [8], and over land [9] during the last
years, there have been many discussions on the presence or
not of a coherent component in the GNSS reflected signal and
its magnitude.

This work analyzes in more depth the presence of a coher-
ent component with new data coming from MIR instrument.
The large directivity allows a higher signal-to-noise ratio and
hence an improved detection of the coherent component with
shorter integration times.

The data under analysis corresponds to a flight over the
Bass Strait on June 6, 2018. The plane was flying at a height
of 1500 meters at an average speed of 74 m/s. The data
used corresponds to three passes following a line going from

37.9°S, 149,23°E to 38.9°S, 149.1°E, as shown in Fig. 1. The
GNSS-R data used include both L1/E1 and L5/E5a bands and
also contain data from both GPS and Galileo constellations at
different incidence angles.

Fig. 1: Flight path on June 6%, 2018 associated to the data
used for the coherent/incoherent component untangling



2. COHERENCY OF THE CGNSS-R SIGNAL

In the conventional GNSS-R technique the reflected signal is
correlated with a perfect replica of the GNSS code generated
on the receiver [10]. In [3] a method was proposed to detect
and eliminate the direct signal. In this work, it is proposed
to use the same technique to detect the coherent component
present in a GNSS-R signal [11].

The technique explained in [3] consists of the computa-
tion of the variance of the coherently integrated DDM (Y, as
shown in Eq. 1), i.e. prior to the incoherent averaging, as in
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Where ENYI% is the incoherently averaged DDM. In practice,
the variance term, Var(Y) is computed as the mean square of
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the Nime samples (amount of samples incoherently averaged)
minus the arithmetic mean of the samples (1), as in Eq. 3a.

Nine

ZD —uf

2 (3a)
Nrne

Z}

Var(

an

(3b)

mc

The difference of (2) and (3a) gives the coherent compo-
nent averaged over N, samples, as shown in Eq. 4.
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3. RESULTS

In order to characterize and classify the waveforms, a ratio
between the coherent component and the total incoherent av-
eraging is used: the coherent component to incoherent ratio
(CIR), as defined in (5). As an example, the direct GNSS
signal has a CIR = 1, as is completely coherent.

cip = ED )
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To illustrate the coherent and incoherent component un-
tangling, two different waveforms (Y z, = 0) have been
selected for each signal type: GPS L1CA, GPS LS5, Galileo
El, and Galileo E5a.

Fig. 2 shows two waveforms for GPS L1CA case with an
incidence angle of 21° and 30°, respectively. The first
waveform shows a very high CIR = 0.83, indicating that the

waveform has a very strong coherent component, while the
second waveform, with a larger incidence angle, presents a
lower CIR.
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Fig. 2: Incoherent component, variance, and coherent com-
ponent of GPS L1 reflected signal

The second case is the Galileo E1 in which, as opposed to
the GPS L1CA case, it is not enough data to show waveforms
collected with different incidence angles, as the tracking of
the Galileo E1 signal of this flight was limited to a couple of
minutes. Despite that, both waveforms present similar CIR

(0.63 and 0.58 respectively, as shown in Fig. 3), this ratio is
lower than the GPS L1CA at the same incidence angle. The
decrease of CIR for the incidence angle can come for the dif-

ference in the natural correlatlon time of the Galileo E1 51
nal versus the GPS LICA, which for the same chip len (%
(#1us), the Galileo 51gnal has 4 ms of period while the

L1CA signal period is 1ms.
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Fig. 3: Incoherent component, variance, and coherent
component of Galileo E1 reflected signal

The next two signals, GPS L5 and Galileo E5a, are both
generated with the 10230 chips per ms, basically the chip
length is 10 times shorter (0.1us).

As seen in Fig. 4, the GPS L5 waveform presents a lower
CIR as compared to the GPS L1CA case for similar incidence
angle (comparing the second L1CA waveform with the first
L5 waveform). In addition, the coherent component at L5



does not have a significant change due to the incidence an-
gle, both waveforms present a very close CIR value with a

difference in the incidence angle of ~ 16°.
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Fig. 4. Incoherent component, variance, and coherent com-
ponent of GPS L5 reflected signal

Finally, Fig. 5 shows the same component untangling also
for Galileo E5a reflected signal. The CIR value for this case
is the same as in GPS L5 case, despite the incidence angle of
20°, reinforcing that the incidence angle and the CIR ratio at
L5/E5a do not have any relation or that the CIR in the L5/E5a
case is limited by the nature of the signal (i.e. the chip length).
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Fig. 5: Incoherent component, variance, and coherent com-
ponent of Galielo E5a reflected signal

In addition to the detailed waveform analysis presented,
the whole set of data has been processed following the pro-
posed algorithm. The CIR evolution together with the inci-
dence angle of the reflected signal is presented in Fig. 6 for
the two beams of GPS LICA and one beam of the El re-
flected signal. The CIR value is very noisy in all the three
cases, and the mean and standard deviation are very close, in-
dicating that the statistics of the CIR follow an exponential
distribution. In the three cases, the mean is 4,0.19 and the
standard deviation o Q.16.

Analogously, for L5/ES5a signals (Fig. 7), the CIR
presents a very close mean and standard deviations, which
also indicates the presence of an exponential distribution.
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Fig. 6: Time evolution of GPS L1 and Galileo E1 reflected
signals with different incidence angles

In the three cases, the mean is A = 0.03 and the standard
deviation o = 0.03.

The CIR ratio between the L1/E1 and L5/E5a band is
6.33,
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Fig. 7: Time evolution of GPS L5 and Galileo E5a reflected
signals with different incidence angles

As an example of the data distribution, Fig. 8 shows the
histogram of the GPS L1CA and GPS L5 data, where it is
clearly identified the exponential distribution with different
mean values depending on the band.

Comparing both L1/E1 and L5/E5a cases, there is a clear
difference in the CIR ratio, which in principle does not depend
on the incidence angle but on the characteristics of the signal
itself, which may require further studies or analysis.
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Fig. 8: Histogram of the reflected CIR of GPS L1CA and GPS
LS5 data

4. CONCLUSIONS

This paper has explained a technique to separate the coher-
ent signal from the incoherent one on reflected GNSS signals
from the sea surface, both for GPS and Galileo, at L1/E1 and
L5/E5a bands. The results presented confirm the presence of
a non-negligible coherent component in a reflection over the
sea surface from an aircraft at 1500 m. height. An statistical
analysis for its coherency ratio with respect to the incoher-
ently averaged signal is also presented. The presented tech-
nique allows the processing of the coherent and incoherent
components separately, which will improve the calibration ac-
curacy, and increase the resolution of GNSS-R applications.
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