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EXECUTIVE SUMMARY

In the MISTRALE project activities are taken to build the foundation of GNSS-R technology
applications for soil moisture monitoring. As such, the State-of-the-Art analyses as well as the User
Requirements collection are two activities in the project. This report contains the outcome of these
two tasks.

The State-of-the-art will begin with an introduction on GNSS constellations and their quick
development over the past decades. Since its premices in the 90s, the interest in reflectometry has
grown with the arrival of new GNSS (GPS and GLONASS are now followed by Galileo, Beidou, etc.).
GNSS-R, the common abbreviation for GNSS reflectometry, is based on the comparison of direct
GNSS signal and the corresponding reflected ones.

In positioning application, the signal used corresponds to the direct path between the satellite and
the receiver. Reflect ed si gnal s apraet hcoa | aveded aSrmewch as possible. On the
oppposite, in GNSS-R applications, we take advantage of those reflected signals, not for positioning,
but for characterizing the reflection surface properties (continential or oceanic surface). Since the
power of refected signal is lower than the direct one, conventional GNSS receiver needs to be
adapted.

The MISTRALE project aims at developing this new type of dedicated instrument, not for altimetric
purpose but for soil moisture measurements. The chosen technology for this receptor is so called
interferometric GNSS-R (IGNSS-R). For specific moisture measurement, we used the interferometric
complex field (ICF) method, which corresponds to the power ratio between the reflected and the
direct signals. The complexity of this receptor is amplified by the fact that it must have a light weight,
and it must also require low power consumption to be embedded on a Remotly Piloted Aircraft
System (RPAS). The proposed solution must allow to quickly map the moisture of agricultural plots
as well as flooded areas (moisture 4100%) for a much lower cost than other receiver solutions
embedded on an aircraft or a satellite. Another interesting aspect is the flexibility of the MISTRALE
system, since the RPAS can fly at very low elevation (few meters) until few thousand meters.
Moreover, the accuracy of the real time navigation system embedded on the RPAS wil allow flights
in complex environnement like in montainous areas or in adverse weather conditions and poor
visibility.

Clearly, the MISTRALE product quality is nothing if there is no market that correspondst o t hi
technol ogical 06 product . dihepotentidl sser rerds to defiree thé aveet
product for corresponding markets. The categories of potential users defined had been i) water use,
i) agriculture; and iii) research. The interviews of each users group gave us a insights in their needs.
In this way, we have defined the priorities of the users and the technical capabilities that they want
for the MISTRALE system: sampling frequency, covered areas, moisture uncertainities, processing
chains, costs, and warning systems.

The water use group needs have been summarized in five key points:

s fihi
expl

i) this group is mostuemeasedemenbotand Afl ooding

i) they would like to characterise water properties (moisture and/or flooded surfaces) and
in some case as hydropower electricity production they want information on the
vegetation (plant moisture) during dougth for example;

iii) theywould liketomapfihi dden water;06 in forest zone

iv) altimetric measurement is one of the minimum expectations of this group;

V) for us the cost is not the most significant concerns, an automatic processing line is a
priority.

For the farmers group, four key points were identified:

Mistrale: Grant Agreement no. 641606
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i) this group is primarily interested in moisture mapping;

i) an information on soil moisture and water content of plant is essential,

iii) the cost is also essential: cheaper is better for this group;

iv) the possibility to have an automatic warning or a decision support system to define the
areas where they have to sprinkle the plants during the heats period.

For the researchers, things are a bit different:

i) they want to get the raw data even though, for some members, the processed data could
be an additional information;

i) have a complete observation namely soil moisture, plant water content, flooded areas
and altimetric measurement;

iii) they are interested on mapping but also in in situ measurement;

iv) the cost does not seems to be the main priority of this group;

V) the sampling frequency should vary between 1 s to few months;

Vi) last point if the RPAS license (for flights) should be include in the MISTRALE solution.

FOREWQORD

Observational evidence shows that many natural systems are being affected by regional climate
changes, particularly temperature increases. Many studies present evidence of this phenomenon,
with particular attention to issues facing water resources managers. Water resources are directly
impacted by climate change, and the management of these resources affects many other
parameters like ecosystem vulnerability, or human health. Water management is also expected to
play an increasingly central role in adaptation. Climate change has the potential to affect many
sectors in which water resource managers play an active role, including water availability, water
quality, flood risk reduction, ecosystems, coastal areas, navigation, hydropower, and other energy
sectors (e.g. cooling down of nuclear power station).

The goal of the project Mistrale is to develop a new sensor based on the GNSS Reflectometry
technology to give accurate soil moisture and/or flooded maps to decision makers in water
management, like players in water use, in European agriculture, in water policies, and in
environmental research. The Mistrale project aims, also, to integrate the new GNSS-R receiver on
a new dedicated RPAS. But our project has clear commercial objectives and to achieve this goal we
need to know absolutely the users requirements. As the first step the project is focused on main
targets correlated to the main players in water management namely water use, agriculture, natural
reserve and research.

ABBREVIATIONS AND ACRONYMS

AB Advisory Board

AJ L'Avion Jaune

AltBOC Alternate Binary Offset Carrier
AS Administrative Services

AV AeroVision

ATC Air Traffic Control

BOC Binary Offset Carrier

BPS Bit Per Second
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BPSK Binary Phase Shift Keying
CA Consortium Agreement
CAP Common Agricultural Policy
CBOC Composite Binary Offset Carrier
CDMA Code Division Multiple Access
DEL Deliverable
DGPS Differential Global Positioning System
DoT DESCRIPTION OF TOPIC
Dow Description of Work i Annex to the Grant Agreement
EC European Commission
EDAS EGNOS Data Access Service
EDF Electricité de France
EGNOS European Geostationary Navigation Overlay Service
EM ElectroMagnetic
ESA European Space Agency
EU European Union
FMS Farm Management System
FPGA Field Programmable Gate Array
GBAS Ground-Based Augmentation Systems
GCS Ground Control Station
GEO Geostationary satellite
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GFz German Research Centre for Geosciences
GIS Geographic Information System
GLONASS GLObal NAvigation Satellite System
GNSS Global Navigation Satellite Systems
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GPS Global Positioning System
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NASA National Aeronautics and Space Agency
NDVI Normalized Difference Vegetation Index
PRN Pseudo Random Noise
RE Restricted
RHCP Right Hand Circular Polarization
RPAS Remotly Piloted Aircraft System
9
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UAV Unmanned Aerial Vehicle
VIR Visible and Infra-Red
WAAS Wide Area Augmentation System
WP Work Package

Mistrale: Grant Agreement no. 641606



&

7
GNSSR Technology

Mistra ,e State-of-the -Art and user requirements

1 INTRODUCTION

1.1 Purpose and scope

The purpose and scope of this document is to report on the activities that aim at defining properly
the basis of the project in terms of potential user needs, requirements and expectations, and in terms
of technical maturity and performances of the GNSS reflectometry.

This twofold analysis is reflected in the report structure. The first part of the reports contains the
state-of-the art analysis, and the second part of the document covers the user needs and
requirements.

1.2 Intended audience / Classification

This document is intended for all project partners and WP participants and is in first instance written
as an internal report. As the information is relevant to a wider audience, the report is made public.

1.3 Reference Documentation

There is no specific reference documentation to this document. Used (scientific) references are
mentioned in the usual way and taken up in the bibliography.

1.4 Structure of the document
The structure of the document is as follow:

Chapter 1 is this introduction

Chapter 2 covers the state-of-the-art of the GNSS reflectometry
Chapter 3 summarizes the outcomes of the user needs collection work
Chapter 4 is dedicated to the consolidation of the user needs

Chapter 5 contains the document conclusions and recommendations

= =4 -4 —a A
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2 STATEOF-THEART

The scope of this section is to document, in a simple and comprehensive way a State-Of-the-art
review of the GNSS Reflectometry techniques, know a GNSS-R. Methodological base, technical
aspect and applications will be presented.

The section is divided in 3 paragraphs structured as follows:

1. Presentation of GPS and GNSS concept and evolution. We present a brief review of the
GNSS constellations and the associated coverage, a short presentation of current and future
signals is also presented.

2. Presentation of the GNSS-R concept and 2 two main families of technique:

i. Interference pattern technique using a classical receiver and a standard antenna;
ii.  Waveform technique using specific receiver and two or more antennas.

3. Highlights on applications linked to moisture measurement, continental water mapping, and
looking their user requirements. Some of the analysis techniques have the possibility to be
used to any platforms define in the MISTRALE project i.e. rigid masts (ground-based), RPAS
(from low elevation/velocity until intermediary elevation/velocity), aircraft (intermediary
elevation/velocity to high velocity), we also used the IPT (see below) only for in situ (ground-
based) validation of our specific receiver.

2.1 GNSS history

Global Navigational Satellite System (GNSS) constellations were defined to provide a continuous
service for a non-limited number of users. The active GNSS satellite generate an all-weather
microwave L-band signals designed for navigation, that is, to solve the time, velocity and position
coordinates of a device, passive receiver, near the Earth surface, capable of receiving GNSS signals.
This system evolves to a more important infrastructure every passing days.

2.1.1 GNSS constellations and coverage

The common ancestor is the Global Positioning System (GPS) that everybody uses routinely in his
car or with his mobile phone. It is constituted of 32 satellites at Medium Elevation Orbits
(MEO~20000km). But from a scientific point of view it has also demonstrated success, the
international GNSS service (IGS) and its network of stations can track with high precision global
phenomena such as plate tectonics (Figure 1), the evolution of atmospheric water vapor [97],
tsunami [98] or more local events like landslides [99] using real time kinematic (RTK) or differential
GPS (DGPS).

But our ancestor has evolved over the last few decades: later satellite model incorporated the first
atomic frequency stability, used a satellite ranging called pseudo random noise (PRN), the block Il
improved reliability, in 2005 the block 1IR-M add new signals (L2P (Y) Civilian L2C, and military L2
M, L5 in 2010 with the lock IIF see Figure 3). GPS today uses 24 (32 effective) operative satellites
and numerous ground stations. And during the 199071 1991 crisis in Iraq, it was the US army, through
its involvement in the war that gave a boost to the commercial GPS market. Surely improve of GNSS
comes from launching of a new operational Russian constellation known as GLONASS (Figure 2).

GLONASS constellation has similar characteristics with a slightly different signal structure: satellites
modulate the central frequency to discriminate GLONASS satellite. These operational systems
currently contain 28 MEO satellites.

Mistrale: Grant Agreement no. 641606 12
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Figure 1: General plate motions on a global scale. Regional maps show far more complicated motion vectors. Length of
arrows indicates rate of movement of that part of the plate. (Map from UNAVCO Plate Motion Calculator).

Image Landsat

Figure 2: One day of GPS and GLONASS satellite positionnig, laps time between two positions = 15 min (courtesy of N.

Roussel).
Constellation Wavelength Satellites Modulation Multiple Access
GPS L1,L2,L5 32 MEO BPSK, BOC CDMA
GLONASS L1,L2,13,L5 24 MEA BPSK, BOC FDMA &CDMA
GALILEO E1, E5, E6 410V— 30 BPSK, BOC, MBOC, CDMA
AltBOC
COMPASS B1,B2,B3,L5 | 5— 27 MEO, 5 QPSK, BOC, MBOC | CDMA
GEO ; 3—5 IGSO

Table 1: GNSS constellation characteristics: arrow gives the constellation evolution in term of future launch. Channel
modulations encountered in GNSS are BPSK: Binary Phase shift Keying (traditional); BOC: Binary Offset Carrier (sine
and cosine variants); MBOC: Multiplexed BOC and AtBOC: Alternate BOC.

Mistrale: Grant Agreement no. 641606 13
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Figure 3: GNSS (GPS, GLONASS, GALILEO, COMPASS) frequency bands and future systems (QZSS, IRNSS)
(Source: ESA from Stefan Wallner).

Two Global Systems are, currently, being developed. The European Galileo, currently with 2
prototypes and 4 in orbit validation satellites (IOV) orbiting and transmitting navigation signals,
Galileo is interoperable with GPS and GLONASS. This interoperability will allow manufacturers to
develop multi-frequency receivers (L1/E1 and E5/L5, Figure 3) that work with Galileo and
GPS/GLONASS. The Chinese Compass is the new version of the regional navigation system so
called Beidou-1 of geostationary satellites (GEO). These systems could be achieved completely with
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the deployment of 27 and 25 MEO respectively each by 2020. In addition Beidou-2 will keep 5
geostationary (GEO) and 6 geosynchronous inclined orbit transmitters for regional augmentation.
Currently, Beidou-2 has 7 MEO orbiting and transmitting, and 5 geostationary satellites and 6
geosynchronous ones.

For Europe and part of Africa, the new transmitting signal EGNOS (Figure 4) provides both correction
and integrity information about the GPS/GLONASS/GALILEO systems. EGNOS, which is similar to
WAAS service for North America, is a satellite based augmentation system (SBAS) developed by
the European Space Agency and consists of four geostationary satellites and a network of ground
stations with a terrestrial data access called EGNOS Data Access Service (EDAS). The complete
service is built for sharpening the accuracy of GPS/GLONASS and GALILEO signals across Europe
and part of Africa. The EGNOS Safety-of-life (SoL) Service was certified for civil aviation in 2011.
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Figure 4: EGNOS augmentation system and its associated terrestrial network.

If you look in details we can observe that GPS and GLONASS can provide, by 2020, including future

operative GALILEO constellation (Figure 5) as many as 20 or 30 visible satellites simultaneously.

Addi tionall vy, a si mul at i asesboththeeGPS dnd Galilgo eodstetabonss t e | | ¢
have demonstrate the impressive revisit statistics achievable using constellations of GNSS-R
remote-sensing satellites with a mean revisit time over entire globe less than two hours.
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Figure 5: Coverage of conventional GNSS constellations (GPS & GLONASS) and future coverage of Galileo
constellation; PDOP decreasing evolution due to the increase of visible satellites.

2.1.2 GNSS ssignals

The GPS satellites have highly precise oscillators with a fundamental frequency f of 10.23 MHz and
transmit continually two microwave L-Band carrier signals (Figure 3 and Figure 6).

1 The L1 frequency (154 x f = 1575.42 MHz, | 1 = 19 cm) carries the navigation message and
the Standard Positioning Service (SPS) code signals.

1 The L2 frequency (120 x f =1227.60 MHz, | ,= 24.4cm) is used to give Precise positioning
Service (PPS) for equipped receivers. Three binary codes (C/A, P(Y), Navigation message,
Figure 6), shift the phase of L1 and L2 carrier:

i.  The Coarse Acquisition (C/A) is a repeating 1 MHz pseudo random noise (PRN) code
and it modulates in-phase and quadrature the L1 carrier [18] as show in (eq. 1) and
on L2, for along time, only the P code [18] was broadcast as shown in (eq. 2);

ii.  The Precise code P(Y), modulates both L1 and L2 phases. Itis a 10 MHz PRN code
with a very long period of 266 days; 7 days/sat, and a wavelength of 29.31 m;

S1(0=2P¢,  DOOC/A (eos(2nl, t+e, ) + -..I'EPF.W_I_LID(I]P(I]sin (2af, t+g; ), (eq. 1)

where S,(t) is the transmitted signal of the satellite j, Pcaiis the transmitted power for the civil
signal at L1, and Pe, is the transmitted power for the restricted signal at L1.

S,(1) =42 P oy, 1, P(Dcos(2xf, t+g, ), (eq. 2)

where Sy(t) is the transmitted signal of the satellite j, Pp. is the transmitted power for the restricted signal
at L2.
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Figure 6: Structure of the modernized L-band GPS signals, the M-code is a new version of previous military P(Y) code.
For Block IIR-M, IIF, and subsequent blocks, the L2C signal, scheduled to be the first of the modernized civil GPS
signals. It will provide greater accuracy and robustness and faster signal acquisition than the current L1 C/A-code signal.
It is combination of C/A and two additional PRN ranging codes will be transmitted: L2 Civil Moderate (L2 CM) code and
the L2 Civil Long (L2 CL) code [17].
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iii. the last code is the navigation message (NAV and it is upgrade version CNAV of
2014) and it is a 50 bit/s with data cycle length of 30s. Data describe the satellite
orbits, clock corrections and other parameters, for more details one can see [16].

To improve the accuracy of the positioning mono-frequency receiver needs ionospheric corrections
(from SBAS like WAAS or EGNOS) or modelling, but, at the 1% order, bi-frequency ones allow
estimation of the ionospheric frequency delay using (eq. 3):

Yoo ——=1 Yo (eq. 3)

where YO is the time delay at L1 due to the ionospheric effect, f1 and f2 are the L1 and L2
frequencies and d(Dt)) YO is the measured time difference between f1 and f2.

And the ionospheric-free (eq. 4) linear combination of L1 and L2 is one that eliminates first order
ionospheric effects from GPS observables:

TET T o (eq. 4)

where are r 1 and r ; the observables as measured at frequency f; and f,. The disadvantage of using
a linear combination of observables is that the noise of the combination increases.
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2.1.3 New GNSS Signals

The L5 signal starts on April 10, 2009 and includes in-phase (I) and quadrature (Q)
components (Figure 3), each with % of the total transmitted power. L5 are BPSK(10) modulated
yielding a chip rate of 10.23 Mchips and their spreading sequences consist of a combination of a
two codes. The primary codes (LFSR based) have a length of 10230 chips yielding an | code
period of 1ms and the Q ones have respectively lengths of 10 and 20 chips. The reference
bandwidth, defined Space Segment/User Segment L5 Interfaces, is approximately 24*1.023MHz.
The | channel is the data channel and the Q one corresponds to a pilot channel, being also
modulated by a 100 sps train due to the ¥ rate encoding of a 50 bps CNAV navigation data.

The Galileo E5 signal use AltBOC(15,10) modulation/multiplexing and can be separated into two
sub-bands, E5a and E5b, which can be processed independently using Single Side-Band (SSB)
processing [19] and results in two fequivalentosub bands with BPSK(10) modulation. E5a and E5b
have also | (data) and Q (pilot). The E5a and the GPS L5 band share the same carrier, the E5a and
E5b signals maximize compatibility, in terms of modulation and signal structure, with the GPS L5
signals

Quasi-Zenith Satellite System (QZSS, Japan) is a constellation of four Space Based Augmentation
System (SBAS) satellites, including three satellites in Tundra orbits and one in a geosynchronous
orbit. It corresponds to EGNOS/WAAS services and gives an additional coverage in the western
pacific region.

India®@ Regional Navigation Satellite System (IRNSS, India) is a system of seven satellites in lower
inclination which are intended to provide a navigation capability for India, but it can also to be used
for remote-sensing applications.

2.2 GNSS epic

GNSS reflectometry (GNSS-R) consists in recovering the electromagnetic signals emitted
continuously by the GNSS satellites (GPS, GLONASS, BEIDOU and GALILEO) currently in orbit
and then reflected on the Earth surface: oceans, continental waters (rivers, lakes), and
continental surfaces. The first application of using GNSS signals reflected of the Earth& surface for
scatterometry purposes was proposed by [20]. Years after, one of the pioneer of this new science,
Martin Neira, show its applicability to estimate sea level [1]. He used the correlation analysis of the
phase delay between the direct and reflected signal of the same satellite to determine the position
of the reflection point in time (geometric information) and to estimate parameters such as sea level
or level of Inland Water [2-6]. During the calibration phase of the SIR-C radar experiment on-board
the U.S. Space Shuttle results gives the first reflection at steep incidence and were serendipitously
discovered [21]. With many similitudes to classical method of RADAR remote sensing, the GNSS
reflectometry can be applied to remote sensing of various types of natural covers, such as ocean,
land, ice, snow, vegetation. The analysis of waveforms gives access, meanwhile, to various
parameters such as soil moisture [7,8], surface roughness [9], the wind speed at the sea surface
[10], the thickness and structure of the snow cover on the northern plains [11], and the polar ice caps
[12,13].

Although originally designed for navigation, GNSS has evolved using signal of opportunity in GNSS-
R. GNSS-R can be used for a large variety of applications, and, particularly, for Earth remote
sensing [22]. The GNSSR remote sensing techniques can be divided into two main families:
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i) The first family used a GNSS Bistatic Multi-Beam Radar and will analyse directly the

GNSS waveform using specific receiver and two or more antenna (see 8§2.2.1). This
technique is very promising due to is flexibility: it can be used for in situ, aircraft and
satellite applications. For the MISTRALE project, this methodology will be associated to
aircraft/RPAS to develop mapping services for soil moisture and flooded area

i) the second one (see §2.2.2) use a classical GNSS receiver and only one antenna, so it
is designed as low cost technique, it is also a promising technique but for in situ and low
elevation fly (RPAS, Aircraft). However due to the large amount of GNSS network
existing worldwide it is possible to re-use some of these stations to make
environmental system monitoring (soil moisture, biomass, flooded area etc.). For
MISTRALE project, this methodology will be used to validate aircraft and RPAS
campaigns by appropriated ground measurements.

2.2.1 GNSS Bistatic Multi-Beam Radar i Basic Principle

The observables of the GNSS-R are the waveforms. The observables are defined as measurable
objects (like correlation counts, voltages, power) from which geophysical parameter's (roughness,
moisture, electric conductivity, relative permittivity) can be derived. These waveforms can be obtain
by cross-correlating the recorded signal from the down-looking antenna with a replica of the PRN
code of the GNSS satellite for a set of different time lags and different carrier frequency offsets [20].

Only replicas modelled appropriately i. e. with the PRN, the range and frequency corresponding to
the incoming signal will generate waveforms above the noise. The power waveforms are modelled
using the bi-static radar equation [23, 24] (eq. 5), assuming that the electromagnetic propagation
corresponds to frays @nd each contribution to the scattering are locally specular and by considering
Gaussian surface statistics and using the Kirchhoff geometrical optics scattering approach (KGO).

So for fully diffuse scattering of the GNSS signal from a rough surface, the following bistatic radar
equation holds for the ensemble mean of the correlation power as a function of the time delay and
the frequency offset, and it known as a delay-Doppler map (DDM, [27]).

L MLTE G, .
(¥ (=, f)l _.,::M—HP,PI.GI‘”‘ popR (t,f).0,dS. (eq. 5)

where: T; is the coherent integration time; P..G; is the transmitter® Effective Isotropic Radiated Power;
G, is the receiver antenna gain pattern; R, & R, are distances between the nominal specular point

and the transmitter/receiver, respectively; ¥ 2 is the Woodward Ambiguity Function (WAF), which
describes the range and Doppler selectivity of the coherent radar [23]; So is the normalized bistatic
radar cross section (BRCS) of the rough surface (eq. 6), which gives a portion of the scattered power
carried by the outgoing plane wave in a specific direction, while the unit surface is being illuminated
by the unit wave incoming in another direction [20]. So, if one look that in term of surface coordinates,
it describes the glistening zone of the rough surface S ¢ depends on the signal polarization state, the
complex dielectric constantN N TQN—, and the relative permittivity /. of the reflecting surface

and the local incidence angle. In the commonly used KGO approximation, the bi-static scattering
coefficient is:

o,=nk’|R

scurl

2
EP.IEI'F \Z..Z,). (eq. 6)

where k is the wavenumber; Rscat the scattering coefficients; and PDF(Zx, Zy) is the 2-D Probability
Density Function of the surface slopes Z, along Zx, and Zy. For the direct signal, the incident
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polarization is Right-Hand Circular, and for the reflected one it switches to Left-Hand Circular until
the Brewster angle (varying with the geophysical parameters of the reflection surface) where the
polarization becomes more complex. In the case of the sea surface, the probability density function
PDF(Zx, Zy) of the large-scale slopes component (i.e. more than several radio wavelengths) is
responsible for the quasi-specular scattering within the glistening zone.

The interesting point came from the WAF which can be approximated by the simple square product
of two functions: the correlation function L (t)¥ z and the sinc-shaped function S(f). The first term
corresponds to equi-range annulus zone, and the second one to the equi-Doppler-frequency zone.

The width of L (#) is 2 fc i.e. 2 x length of PRN chip; and the width of S(f) corresponds to fDop = 2/Ti
i.e. two times the inverse of the coherent integration time. For simplicity ones [20, 23, 26] assume

that if the modulation corresponds to a BKPS code (e.g. L1 C/A) the autocorrelation function is then
a triangle function and correlates coherently during Tc seconds (typically +1 ms) (eq. 7):

tl<t,

' (eq. 7)

|: 0, elsewhere

where T is the time lag, e.g. for the L1 C/A code, t 0.977 1=, which corresponds to 293 m.
The cross-correlation of the signal against this replica (eq. 8) acts thus as a frequency filter and it is
sensitive to residual components of the frequency. This is given by the sinc-exponential function

(eq. 9):
rep(t,f.)=c(t)e™™ (eq. 8)

where f.is the central correlation frequency, and rep is the replica of the signal and it is mounted
on a carrier or intermediate frequency phasor [26].

sin(70f 1) _iiate
= I

ndfr; (eq. 9)

S[ﬁr)Z%j pTizmeft g
o

There are certain limitations associated with the use of bistatic radar equation (eq. 11), it is limited
to the case of completely diffuse surface scattering (i.e. negligible coherent specular component).
Nevertheless, if the coherent component is noticeable (e.g. calm seas, flat land, or flat sea ice), ones
can solve the problem by augmenting bistatic radar equation with a term describing a coherent
reflection constructed from a product of a mirrored proxy of the direct signal cross- correlation power

[20]: [¥a(T. f) ¥ gd 1HQ |

The absolute value squared of the Fresnel reflection coefficient, and the factor that takes into
account the loss of the spatial coherence due to the presence of some relatively weak surface
roughness. The equation 11 define an accurate DDM peak centred at the delay and the frequency
offset associated with the nominal specular point on the surface:

2 ; s 2@,
exp(—8no,cos —5)
Pl h 32 (eq. 11)

¥ (.f)f)

/ spec

; V2
= Yult;ﬁ

R scar

From the bistatic radar equation (eq. 11), the DDM corresponds as a convolution of the WAF with
the BRCS function within the antenna footprint described by its gain pattern. Ones can consider
the DDM as an image of the scattering coefficient in the delay-Doppler domain. The WAF is close
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to 1 within an area formed by the intersection of the annulus zone and the Doppler zone, and
decreases progressively to 0, as an inverse function of the distance to the specular point, outside
this area. It means that there are certain contours on the surface for which the scattered signal
has the same travelling path length upon arrival to the receiver. Frequently, the bistatic radar

equation is used with a BCRS, S, in the form of the geometric optics limit of the Kirchhoff
approximation (KA) but it is not a necessary condition. Any others reasonable EM scattering
models can be used in the equation of the bistatic Radar (see § 2.2.2).

Figure 7: Schematic DDM map and associated generation of a couple of frequency profile. Green line comes from a
Doppler belt (red lines) and those of the delay-Znap (from white iso-Zlelay zones) are indicated by the black arrows.
Brown surface represents the glistening zone, in some DDM is filled with pixels which are a result of scattering from pairs
of separated surface pixels (2 black lines but the same arrow), we have the so-called ambiguity problem. From [27].

2.2.2 EM Scattering model

Among authors ([28], [29], [30], [31]) have look the effect of the Earth& surface on the bistatic radar
equation (eq. 5) through the normalized bistatic BRCS and depends on the directions of incoming
and outgoing EM waves, and on the properties of the scattering surface. In most of the models
mentioned, when calculating , one needs to make an assumption about the probability distribution
(e.g. bivariate Gaussian, normal) of the surface elevations or slopes. We look, herein, only the most
popular models that sort in the literature (see, e.g., [41]).

The Kirchhoff Approximation (KA) [29, 31, 2], implies that every point on the scattering surface
should present a large radius of curvature (compared to the EM wavelength). Moreover, the surface
correlation length must be larger than the EM wavelength. The total fields (incident & reflected)

at any point on the surface are approximated by those that would be present on an ) extended
tangent plane at the surface integration point. Each contribution to the scattering is considered to
be locally specular and it depends on the Fresnel reflection coefficients at the facet plane on each
surface point.

The most implemented approaches in GNSS-R studies is the Kirchhoff Geometrical Optics (KGO)
[30] and it is a limit of the KA. It needs a large standard deviation of the surface height compared
to the EM wavelength (highfrequency limit). It estimates the Kirchhoff diffraction integral by the
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