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PREFACE 
During years a number of satellites have been developed to remotely sense 
Earth geophysical parameters for weather forecasting and climate studies. 
In recent years the use of reflected Global Navigation Satellite System 
Signals (GNSS-R) has shown its potential to retrieve geophysical 
parameters over the ocean, mainly altimetry and sea state, and over land, 
mainly soil moisture. It is known that sea roughness has an impact on L-
band radiometric measurements, and therefore on the retrieved sea surface 
salinity (SSS). GNSS-R is an interesting tool to help improving the sea state 
effect correction to reduce the final SSS retrieval error. To demonstrate this 
idea the Passive Advanced Unit (PAU) project was proposed to the 
European Science Foundation (ESF) under the EURYI 2004 call. The main 
objective was the study of the direct relationship between the radiometric 
brightness temperatures and some GNSS-R observables to perform the state 
correction without using emission/scattering models. Once this goal was 
successfully addressed, the PAU objectives were broaden to include the 
development of new GNSS-R instruments and techniques, and the study of 
geophysical parameters retrieval from different surfaces. The present Ph.D. 
dissertation describes one of the research lines of the the PAU project, 
undertaken between February 2007 and December 2011, within the Passive 
Remote Sensing Group of the Remote Sensing Lab, at the Department of 
Signal Theory and Communications of the Universitat Politènica de 
Catalunya. 

The present Ph.D. dissertation focuses on GNSS-R techniques applied to the 
observation of different types of scattering surfaces (land surfaces: bare 
soils, vegetation-covered soils, snow-covered soils; inland-water surfaces and 
ocean surfaces), and the retrieval of different geophysical parameters. Two 
main GNSS-R techniques have been studied and applied to real data 
obtained during seven field experiments, the Delay-Doppler Map (DDM) 
processing technique and the Interference-Pattern Technique (IPT), 
selecting the one most appropriate to the observed surface. Furthermore, in 
the context of this Ph.D dissertation a new type of GNSS-R instrument has 
been developed, being the main tool for the application of the IPT and the 
retrieval of several geophysical parameters over land and inland-water 
surfaces. 

After an introduction on GNSS-R and the PAU-project, the methodology, the 
instruments and the techniques used to retrieve soil moisture, vegetation 
height and topography in agricultural areas, snow thickness, water level in 
reservoirs, and wind speed in ocean surfaces, are described. These retrievals 
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show the potential that these opportunity signals have for monitoring a 
broad kind of effects. After that, some studies related to space-borne GNSS-
R techniques are summarized. Finally a summary of the work performed in 
this Ph. D. dissertation, the main conclusions, and the future work lines are 
presented. 

The presented results are a contribution to promote the use of the GNSS 
opportunity signals for monitoring geophysical parameters to increase the 
understanding of the Earth’s water cycle, and position these techniques as 
suitable tools that enhance water resources management. 
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Introduction 
 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter gives a general overview of the 
relevance of Earth remote sensing and the suitability 
of Global Navigation Satellite System Reflectometry 
(GNSS-R) for this purpose. The state of the art of the 
GNSS-R is presented, and the aim and innovation of 
this Ph.D. dissertation are explained. 
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monitored on a regular basis from spaceborne sensors.  SSS retrievals from 
space are recently possible thanks to SMOS launched on November 2nd, 
2009. Prior to that, while ocean circulation models already incorporate 
satellite SST, WS and altimetry, they lacked of accurate SSS data. To 
overcome this limitation usually temperature-salinity correlations were 
used, based on the density conservation principle over a certain water 
volume [10]. However, the validity of this principle was seriously questioned 
at the surface, where heat and gas exchange between sea and air takes 
place [11]. This results in modeling errors that hinder the modeling of 
surface currents. The severity of this lack of data is clearly understood 
considering that SSS was never measured before for 42% of the ocean 
surface, and that was measured less than four times over the past 125 years 
for 88% of the ocean surface [12]. But now SMOS and more recently 
Aquarius/SAC-D measurements are providing the SSS information needed 
to overcome this lack of information. 

 

1.1.1.2  The Soil Moisture 
 

On the other hand, soil moisture is another important variable of the water 
cycle over the land, controlling water fluxes between the atmosphere, the 
surface, and the subsurface.  

Because a large amount of heat is exchanged when water changes its phase, 
the water cycle is fundamental to the dynamics of the Earth’s energy cycle. 
Also, since water is the ultimate solvent in the Earth’s system, 
biogeochemical cycles such as carbon, nitrogen and methane are embedded 
in the water cycle. Through these dynamics, soil moisture conditions the 
evolution of weather and climate over continental regions. Hence, global 
measurements of soil moisture are needed to improve the understanding of 
water cycle processes. Global soil moisture information will be 
transformational for the Earth’s system science; it will help characterizing 
the relationship between soil moisture, its freeze/thaw state, and the 
associated environmental constraints to ecosystem processes including land-
atmosphere carbon, water and energy exchange, and vegetation productivity 
Figure 1.3. At the same time, global soil moisture information will enable 
societal benefit applications such as better water resource assessment, 
improved weather forecasts, natural hazards mitigation, predictions of 
agricultural productivity, and enhanced climate prediction, human health, 
and defense services. Soil moisture retrievals from space are recently 
possible thanks to SMOS, launched on November 2nd, 2009. 
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1.1.2 The Global Navigation Satellite System (GNSS) Signals for 
Remote Sensing of the Earth 

 

Global Navigation Satellite Systems (GNSS) are satellite constellations that 
cover the entire Earth with navigation signals to provide time and position 
information to users located on or near the Earth’s surface. Such systems 
are used nowadays in a wide range of everyday situations, such as fleet 
management, search and rescue, wildlife tracking, vehicle guidance or 
leisure interactive maps, among many others. So far the American Global 
Positioning System (GPS) is the only fully operational GNSS. The Russian 
GLONASS system is partially deployed, whereas the European Galileo is 
scheduled to be operational in 2014, and the first two satellites of the 
constellation have been recently launched (October 20th, 2011). Other GNSS 
systems, such as the Chinese Compass navigation system by 2020 or the 
Indian Regional Navigational Satellite System IRNSS, are planned to be 
operational in the future. Altogether, more than 75 GNSS satellites will be 
available when all the currently planned systems are deployed. The 
retrieval of geophysical parameters using these GNSS signals as a source of 
opportunity (GNSS-R) can in principle be used to measure ocean surface 
roughness, altimetry, soil moisture, or ice properties. It is true that there 
are other systems that already perform those measurements, such as active 
scatterometers (roughness), radar altimeters, or microwave radiometers, but 
these new sistems will help increasing spatial and temporal resolution. For 
the particular application of sea state determination, the GNSS-R approach 
boasts a low mass and power constraints, since there is no transmitter and a 
small antenna can be used. Also, the bistatic scattering geometry ensures a 
strong signal return in the specular direction, in opposition to the weak 
return for monostatic off-nadir configurations. It is also noteworthy that 
GNSS-R is directly sensitive to ocean roughness scales at L-band, and 
inherently less sensitive to power calibration. 

This Ph.D. dissertation focuses on the use of GNSS-R signals to perform 
geophysical parameters retrievals observing different types of surfaces and 
using different techniques, selecting the most suitable technique for each 
type of surface. Specifically, this Ph.D. dissertation makes use of Global 
Positioning System (GPS) signals since they are the most widely available. 
Due to the interest of the GPS system in the frame of this Ph.D. Thesis, the 
structure of the GPS signals is explained in more detail in the next sections, 
and the state of the art of the GNSS-R scientific field is described. 
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1.2.2 Precision Code 
 

The P-code is also a PRN sequence. However, each satellite's P-code is 
6.1871 × 1012 bits long, it is transmitted at 10.23 Mbit/s, and repeats once a 
week. The extreme length of the P-code increases its correlation gain and 
eliminates any range ambiguity within the Solar System. However, the code 
is so long and complex that it was believed that a receiver could not directly 
acquire and synchronize with this signal alone. The receiver would first lock 
onto the relatively simple C/A code and then, after obtaining the current 
time and approximate position, synchronize with the P-code. 

Whereas the C/A PRNs are unique for each satellite, the P-code PRN is 
actually a small segment (6.1871 × 1012 bits) of a master P-code 
approximately 2.35 × 1014 bits in length and each satellite repeatedly 
transmits its assigned segment of the master code. 

To prevent unauthorized users from using or potentially interfering with the 
military signal through a process called spoofing, it was decided to encrypt 
the P-code. To that end the P-code was modulated with the W-code, a special 
encryption sequence, to generate the Y-code. The Y-code is what the 
satellites have been transmitting, since the anti-spoofing module was set to 
the "on" state. The encrypted signal is referred to as the P(Y)-code. 

 

1.2.3 Gold Sequence 
 

Since all of the satellite signals are modulated onto the same L1 carrier 
frequency, there is a need to separate the signals after demodulation. This is 
done by assigning each satellite a unique binary sequence known as a Gold 
code [14]. The PRN codes transmitted by the GPS satellites are 
deterministic sequences with noise like properties. A maximal-length 
sequence of length N=2n-1 elements is generated. A Gold code is the sum of 
two maximum-length sequences. The GPS C/A code uses n = 10. The 
sequence repeats every ms so the chip length is 1ms/1023 = 977.5 ns ≈ 1 μs, 
which corresponds to a metric length of 300 m when propagating in the 
vacuum or in the air. 

Each satellite's PRN identifier is unique and in the range from 1 through 
32. The Gold codes are highly mutually orthogonal, so that it is unlikely 
that one satellite signal will be misinterpreted as another. As well, the Gold 
codes have good auto-correlation properties. There are 1025 different Gold 



41 
 

codes of length 1023 bits, but only 32 are used. These Gold codes are quite 
often referred to as pseudo-random noise, since they contain no data and are 
said to look like random sequences. However, this may be misleading, since 
they are actually deterministic sequences. 

 

1.3 State of the Art of GNSS-Reflectometry (GNSS-R).  
 

Reflectometry using Global Navigation Satellite Systems signals (GNSS-R) 
was first devised in 1993 by Martin-Neira [15] for altimetry applications. 
During the past few years, the GNSS-R techniques have been the focus of 
several intitutions around the world.  

In the United States the following groups are related to GNSS-R field: 

 The Earth System Research Laboratory (ERSL), at the National 
Oceanic and Atmospheric Administration (NOAA), have collaborated 
in a large list of studies, for example: land studies [16], [17] and [18], 
ocean studies [19] and [20], and ice surfaces [21] and [22]. Other 
laboratories from NOAA, as National Geodetic Survey and Atlantic 
Oceanographic and Meteorological Laboratory, have also been 
involved in some of the studies as [18] and [23], respectively. 

 The Colorado University (CU) has collaborated in works and 
advances in this field. For example the Colorado Center for 
Atmospheric Research (CCAR), land [16] and [17], and ice [21]; the 
department of Aerospace Engineering Science, the department of 
Geological Sciences and the University Corporation for Atmospheric 
Research, land [18] and ice [22]. Some other universities from the 
U.S. have contributed to the GNSS-R studies, as the Electrical 
Engineering Research Laboratory at the University of Texas, with 
land studies as [24] and [25], and the Montana State University with 
a snow study [26]. 

 Also, the Langley Research Center at National Aeronautics and Space 
Administration (NASA) has performed studies over land ([16] and 
[27]), and ocean ([21], [23], and [28]).  

In Europe the most important groups are related to GNSS-R field: 

 The European Space Agency, from the Netherlands, has performed 
studies related to altimetry ([15], [29], and [30]), and ocean ([31]), or 
ice surfaces ([32]).  
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 The University of Surrey, the Surrey Space Center and the Ocean 
Circulation and Climate Division, from the National Oceanographic 
Centre of Southampton, all them from Engalnd, have performed 
studies over ocean surfaces ([35] – [37]), and also were involved in the 
ice study performed in [32]. 

 The department of Geodesy and Remote Sensing and EADS 
Deutschland, Immestad, from Germany, was also involved in the 
study performed in [32] over ice surfaces. 

 Institut d’Estudis Espacials de Catalunya (IEEC), from Barcelona, 
has been involved in altimetry [30], ocean [33] and [34], and ice [32]. 

 Starlab, from Barcelona, have been involved in ocean [31] and [49], 
land [50], and inland-water [51] studies. 

 The Remote Sensing Laboratory (RSLab) at the Universitat 
Politècnica de Catalunya, from Barcelona, land ([38] – [40]), ocean 
([41] – [46]), snow [47], and inland-waters [48], where I have 
performed my Ph.D. Thesis. 

There are other contributions to the field that come from the rest of the 
world, as: 

 The Center for Space Science and Applied Research from Chinese 
Academy of Sciences, the Third Institute of Oceanography from State 
Oceanographic Administration, the Institute of Atmospheric Physic, 
and the China Research Centers of GPS,that has been involved in the 
first ocean GNSS-R experiment in China ([52] and [53]). 

The GNSS-R potential has increased yearly, with improved receivers and 
signal processors, from generic GNSS receivers whose signals were recorded 
in magnetic tapes to instruments that measure full Delay Doppler Maps 
(the power distribution of the reflected GNSS signal over the 2-D space of 
delay offsets and Doppler shifts, DDM) in real time. The measurement of 
the DDMs provides information about the observed surfaces and is a 
suitable tool to get geophysical parameters. Other techniques based on 
interference patterns, as the one devised in this Ph.D dissertation, ([38] – 
[40], [47], [48]), and others similar ([24] – [26]), give interesting results and 
have been demonstrated to be powerful tools in the retrieval of parameters, 
as well from ground. At present, these techniques are already achieving 
good results in the retrieval of geophysical parameters such as soil moisture, 
vegetation height, topography, altimetry, sea state and ice and snow 
thickness, among others.  
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1.4 Conclusions 
 

GNSS Reflectometry is nowadays a proven and convenient (cheap, small, 
low power) tool for Earth’s remote sensing, which is receiving more and 
more interest. A lot of effort and work has been performed since [29], and 
surely much more will be done in the coming years.  

This Ph.D. dissertation will present some contributions to Earth observation 
using these GNSS opportunity signals. The novelty of the Ph.D. dissertation 
is the development of a new type of ground-based instrument (the Soil 
Moisture GNSS Observations at L-band (SMIGOL) reflectometer) to apply 
an original and simple technique (the Interference Pattern Technique or 
IPT) over a number of different scenarios that, after performing a several 
field experiments, and acquiring real data, has produced very good retrieval 
results. 

Although this is the main core of the Ph.D. dissertation, parallel studies 
have been performed to retrieve other geophysical parameters, as: 

 the vegetation water content, that required a specific instrument also 
designed and developed during the Ph.D, and a dedicated field 
experiment to validate the technique, named as GNSS-Transmission 
(GNSS-T) technique, and 

 the wind speed over the ocean, that was part of my work during my 
visit to the Earth System Research Laboratory (ERSL) in the 
National Oceanographic and Atmospheric Administration (NOAA), 
at Boulder, Colorado, USA. 

 

1.5 Ph.D. Thesis Structure 
 

This Ph.D. Thesis is devoted to study some contributions to Earth 
observation using GNSS-R opportunity signals. It has been organized as 
follows: 

 Chapter 2 provides the necessary context for this Ph.D. Thesis by 
giving an overview of the PAU-Project. Although, the SMIGOL-
Reflectometer is the main instrument of this dissertation, a glimpse 
to the other Passive Remote Sensors built in the Remote Sensing 
Laboratory at the Universitat Politècnica of Catalunya (RSLab-UPC) 
in framework of the PAU project are provided. The main objectives 
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and goals of the PAU project are analyzed (PAU-RAD, PAU-Synthetic 
Aperture, griPAU, MERITXELL and SMIGOL). 

 Chapter 3 details a new instrument, called Soil Moisture 
Interference-pattern GNSS Observations at L-band (SMIGOL) 
Reflectometer, that was originally developed during the second year 
of this Ph.D. Thesis, and has been upgraded and used in many 
different field campaigns to gather interferometric measurements, 
and test the theoretical developments. 

 Chapter 4 focuses on soil moisture retrievals over bare soils using the 
SMIGOL-Reflectometer ground-based instrument. SMIGOL is a 
GNSS-R instrument that implements the Interference Pattern 
Technique (IPT), a technique consisting of the measurement of the 
power fluctuations of the interference signal resulting from the 
simultaneous reception of the direct and the reflected GNSS signals. 
A field experiment has been performed in order to validate the 
theoretical aspects of the IPT and the soil moisture retrieval 
algorithm. Results are presented and the main conclusions are 
summarized. 

 Chapter 5 focuses on the study of vegetation-covered soils from the 
SMIGOL-Reflectometer ground-based instrument using the IPT. The 
vegetation effects are analyzed and the soil moisture retrieval 
algorithm is modified accordingly. Three field experiments are 
performed in order to test the IPT and the retrieval algorithms in 
presence of vegetation. Afterwards a new technique for a deeper 
vegetation analysis is presented and tested during a 11-month field 
experiment. The results are shown in this chapter and the main 
conclusions are summarized. 

 Chapter 6 focuses on the study of snow-covered soils from the 
SMIGOL-Reflectometer ground-based instrument using the IPT. The 
snow effects are analyzed, and an algorithm for this type of surfaces 
has been developed. A long term field experiment, the Monitoring Of 
Snow using SMIGOL-R (MOSS) field experiment, was performed at 
the Val d’Aran to test the IPT and the retrieval algorithms in the 
presence of snow.  

 Chapter 7 makes use of the same GNSS-R techniques as in Chapter 4 
and 5. After analysing the effects of the geophysical parameters on 
the interference patterns over land, some similarities with other 
surfaces as the ones called inland-waters, are easily found.  This 
chapter shows the theoretical aspects and the GNSS-R Observations 



45 
 

over Inland-water Surfaces (GOIS) field experiment performed to 
retrieve water level over reservoirs.  

 Chapter 8 is the result of the Ph.D. Stay at the Earth System 
Research Laboratory (ERSL) in the National Oceanographic and 
Atmospheric Adminitration (NOAA), Boulder, Colorado, USA, during 
March – July, 2011. The Delay Doppler Maps (DDM) obtained as a 
result of processing the data collected by the GPS software receiver 
onboard the NOAA Gulfstream-IV jet aircraft are analyzed. 
Thereafter, the DDMs are used to retrieve surface wind speed using 
several different algorithms. In contrast to previous works where 
winds were retrieved by fitting the theoretically modeled curves into 
measured correlation waveforms, here no model is used. Instead, the 
DDMs characteristics are linked to the winds obtained by 
simultaneous GPS dropsonde measurements. 

 Chapter 9 focuses on the main space-borne GNSS-R advances. The 
four space missions performing GNSS-R measurements are 
introduced here and some modest contributions of this Ph.D. Thesis 
are explained. 

 Chapter 10 summarizes the main conclusions of the work developed 
during this Ph.D. Thesis. A general conclusion and the future 
research lines are also presented. 
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2	

PAU Project Description 
 

 

 

 

 

 

 

 

 

 

The aim of this chapter is to provide the necessary 
context for this Ph.D. Thesis by giving an overview of 
the PAU-Project. Although, the SMIGOL-
Reflectometer is the main instrument of this 
dissertation, a glimpse to the other Passive Remote 
Sensors built in the laboratory in framework of the 
PAU project are provided. The main objectives and 
goals of the PAU project are analyzed (PAU-RAD, 
PAU-Synthetic Aperture, griPAU, MERITXELL and 
SMIGOL). 
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necessary sea state correction of the brightness temperature required for 
salinity retrievals.  

When working in the direction of sea state monitoring using DDMs, other 
GNSS-R techniques were devised. Since then, new instruments and new 
techniques have been developed and tested in the Remote Sensing 
Laboratory to observe other kind of surfaces, as land, where soil moisture, 
vegetation height and topography can be retrieved, in-land quiet water 
bodies, where its level can be monitored, and snow-covered surfaces, where 
snow thickness can be retrieve. 

 

2.2 Instruments Developed in the Frame of the PAU Project 
 

A number of PAU instruments have been developed: 

 the PAU-Real Aperture instrument with a 4x4 element array with 
digital beamforming and polarization synthesis that uses an 
innovative pseudo-correlation radiometer topology to avoid the 
classical input switch in a Dicke radiometer, and  

 the PAU-Synthetic Aperture instrument, which is also used to test 
potential new technologically developments and algorithms for future 
SMOS-like missions.  

In addition to these two, and in order to advance the scientific studies 
relating the GNSS-R and radiometric observables other PAU demonstrators 
have been developed: 

 PAU-OR with just one element for ground tests and algorithms 
development, and griPAU, an improved PAU-OR instrument fully 
automated, 

 PAU-ORA, a lighter version of PAU-OR for aircraft operations from a 
remote controlled plane, 

 MERITXELL (Multi-frequency Experimental Radiometer With 
Interference Tracking For Experiments Over Land And Littoral) a 
classical Dicke radiometer, that includes L-, S-, C- X-, K-, Ka-, and W-
bands, plus a multi-spectral camera, a video camera, and a thermal 
infrared camera, in addition to the PAU/IR and PAU/GNSS-R units, 
and 
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Figure 2.4 shows the PAU-Synthetic Aperture topology, and two figures 
taken during the integration. Hardware and simulation details can be found 
in [62]. 
 
For more information about this instrument, the interested reader is 
referred to [62] - [64]. 

 
Table 2.1 MIRAS instrument and PAU-Synthetic Aperture main parameters [61],[63]. 

Parameter MIRAS/SMOS PAU-Synthetic 
Aperture Rationale 

Frequency 
operation 

protected band: 1400-
1427 MHz GPS L1 (1575.42 MHz) availability of integrated 

circuits 

Bandwidth 19 MHz 2.2 MHz 

limitation of integrated 
circuits and FPGAs 
minimizes spatial 
decorrelation. 

Arm size 4 m 1.3 m operation from a truck 

Altitude 755 km ground-based 
experiments - 

Antenna type dual-polarization patch 
antenna (non simultaneous) 

dual polarization patch 
antenna (simultaneous) 

multiply by 2 the integration 
time 
eliminate polarization 
transitions 

Number of 
antennas per 
arm 

23 8+1 (dummy) dummy antenna at edge for 
better pattern similarity 

Total number of 
antennas 69 31 - 

Antenna spacing 0.875 λ at 1400 MHz 0.816λ at 1575.42 MHz 
reduced antenna spacing to 
increase alias-free field-of-
view 

Receiver type 1 per element 2 per element 
(1 per polarization) 

double integration time 
allow full-polarimetric mode 
without pol-switching schemes 

Topology of the 
LO  down-
converter 

distributed LO 
(groups of 6 elements) 

centralized reference 
clock + internal PLL in 
each receiver for LO 
generator. 

avoid correlated noise from 
common LO leaking to 
outputs through mixers and 
generating correlation offset 

Quantization 1 bit IF sampling 8 bit IF sub-sampling 
using a external ADC 

use digital I/Q demodulation, 
low-pass filtering and power 
detection 

I/Q conversion analog digital 

avoid phase quadrature errors 
and different receivers’ noise 
temperature between I/Q 
branches 

Frequency 
response shaped 
by… 

analog RF filter digital low- pass filter 
match global frequency 
response using narrow digital 
low-pass filters 

Power 
measurement 
system (PMS) 

analog, using detector diode Digital (FPGA) avoid detector diodes thermal 
drifts 

Digital 
Correlator Unit CLK samplef f  

CLK samplef f  use of band-pass sampling 
techniques 

Imaging 
capabilities dual-pol or full-pol (sequential) Full-pol (non-sequential) flexibility 

Calibration 
capabilities 

uncorrelated/2-level correlated 
noise injection 

uncorrelated/2-level 
correlated noise injection 
and calibration using 
Pseudo-Random Noise 
(PRN) sequences 

test new calibration 
algorithms based on the 
injection of Pseudo-Random 
Noise (PRN) sequences. 

Integration time 1.2 s 1 s, 0.5 s, 100 ms and 10 
ms flexibility 
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The MERITXELL microwave radiometer is a multi-band dual-polarization 
Dicke radiometer covering 8 protected bands used for passive remote 
sensing: L, S, C, X, K, Ka, and W (see Table 2.2). To add flexibility and 
simplify the design, a spectrum analyzer is used as IF stage, for filtering 
and power detection for all bands. This allows an easy reconfiguration of the 
band and/or frequency response shape, since the antennas and amplifiers 
response exceed those indicated in Table 2.2. Antennas are 4 x 4 dual-
polarization patch arrays at L, S, and C bands, and horn antennas with a 
lens in the aperture to provide a quasi-Gaussian beam for the other bands. 
In addition, MERITXELL includes visible camera, a thermographic camera 
(320 x 240 pixels) operating in the 8–14 μm range, a multi-spectral camera 
(640 x 480 pixels) with four spectral bands: red (0 = 0.62 μm), green 
(0 = 0.54 μm), blue (0 = 0.45 μm) and Near Infra-Red (0 = 0.80 μm), and a 
PAU-GNSS-R unit. 

 

Table 2.2 MERITXELL microwave radiometer bands and antenna parameters [71]. 

Band 
Central 

frequency 
Bandwidth

Antenna 
beamwidth

Main beam 
efficiency 

L 1.4135 GHz 27 MHz ~25º 98 % 
S 2.695 GHz 10 MHz ~25º 98 % 
C 7.185 GHz 90 MHz ~25º 98 % 
X 10.69 GHz 20 MHz ~5º 95 % 
K 18.7 GHz 200 MHz ~5º 95 % 
K  23.8 GHz 400 MHz ~5º 95 % 
Ka 36.5 GHz 1 GHz ~5º 95 % 
W 89 GHz 6 GHz ~5º 95 % 

 

Figure 2.7a shows the schematic of the MERITXELL microwave radiometer, 
and  Figure 2.7b shows the front view with the antennas mounted (cameras 
and PAU/GNSS-R will be placed in the hole in the centre of the top row).  

At the time of writing this Ph.D. Thesis the construction of a truck with a 
telescopic robotic mast to hold and orient both the PAU-Synthetic Aperture 
and MERITXELL instruments is being repaired after a mechanical failure 
(Figure 2.4c). It has been designed to hold one of these two instruments up 
to a 8 m height above the ground level, while the other is in the parking 
position (e.g. MERITXELL in Figure 2.8), and withstand up to 100 km/h 
wind loads.  
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This technique is also suitable to observe quiet water surfaces, as lakes or 
reservoirs, retrieving the water level, and snow covered surfaces, retrieving 
snow thickness. Next chapters will explain the SMIGOL-Reflectometer 
hardware, and the IPT applied to the retrieval of different parameters over 
different surfaces. 

 

2.3 Summary 
 

This chaper has presented an overview of the PAU-project and the main 
instruments developed. The suite of PAU instruments that have been (and 
are currently being) developed at the Remote Sensing Lab of the Universitat 
Politècnica de Catalunya has been presented. These include: PAU-RAD, 
PAU-Synthetic Aperture, griPAU, PAU-One Receiver Airborne,  
MERITXELL and SMIGOL. These instruments have been developed for 
three purposes: 1) to analyze the nature of reflectometric observables and 
their relationship with the brightness temperature at L-band over the sea 
and the land, 2) develop and test parallel and useful GNSS-R techniques for 
the study of surfaces and 3) to be technological demostrators of 
improvements to be applied in future space-borne missions (SMOS follow-on 
missions), or secondary payloads that can help in the sea state correction. 

It is important to remember that the present Ph.D. dissertation is focussed 
on the retrieval of geophysical parameters by using GNSS-R techniques, the 
most important and the core of the dissertation are the soil moisture and 
the vegetation height retrieval using the IPT, but other applications were 
devised and tested in the way. This Ph.D. dissertation acomplishes the 
second objective of the PAU-project. 
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3	

Hardware Developed:  

The SMIGOL-Reflectometer 
 

 

 

 

 

 

 

 

 

 

 

A new instrument, called Soil Moisture Interference-
pattern GNSS Observations at L-band (SMIGOL) 
Reflectometer, was originally developed during 2008, 
and has been upgraded and used in many different 
field campaigns to gather interferometric 
measurements, and test the theoretical 
developments. 
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pol). Although the results of this Ph.D. Thesis have been performed using a 
simple face SMIGOL-Reflectometer, in parallel, a new version of the 
instrument is being developed and will be ready to be deployed during 2012. 
This new version will incorporate 4 faces and wireless capability. The simple 
face SMIGOL-Reflectometer has been demonstrated to be a suitable to tool 
to implement the IPT and test the algorithms obtaining good results. These 
results and algorithms are going to be presented in next 4 chapters. 
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4	

Use of GNSS-R for Soil Moisture 
Monitoring 

 

 

 

 

 

 

 

 

This chapter focuses on soil moisture retrievals over 
bare soils using the SMIGOL-Reflectometer ground-
based instrument. SMIGOL is a GNSS-R instrument 
that implements the Interference Pattern Technique 
(IPT), a technique consisting of the measurement of 
the power fluctuations of the interference signal 
resulting from the simultaneous reception of the 
direct and the reflected GNSS signals. A field 
experiment has been performed in order to validate 
the theoretical aspects of the IPT and the soil 
moisture retrieval algorithm. Results are presented 
and the main conclusions are summarized. 
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4.1 Introduction 
 

Knowledge of the surface’s soil moisture content provides useful information 
for hydrological studies due to its influence in the global water cycle. It is 
known that soil moisture can be retrieved using L-band microwave 
radiometry [78]-[80], RADAR or Synthetic Aperture RADAR (SAR) [81]-[83]. 
While the spatial resolution of L-band microwave radiometers on board a 
satellite is poor (about tens of kilometres), radar systems are more affected 
by surface roughness effects. As shown in chapter 1, in the state of the art of 
GNSS-Reflectometry, GNSS reflectometers have been used to retrieve soil 
moisture, vegetation height, sea state, and snow and ice propierties testing 
and validating their capability to retrieve surface geophysical parameters. 
As compared to SAR or RADAR systems, a GNSS reflectometer has the 
advantage of being a passive instrument, in which the signals emitted by 
the GNSS satellites are taken as sources of opportunity. In addition, as 
compared to microwave radiometers thermal stability is not a stringent 
requirement and the nature of the GNSS signals produces a self-calibrated 
observable. Furthermore the frequencies of operation of GNSS-R systems 
are in the L-band which is a suitable band to retrieve soil moisture [78]- 
[83]. 

In this chapter the Interference Pattern Technique (IPT), a particular type 
of GNSS-R technique well suited for ground-based observations, is 
introduced for soil moisture monitoring. It is based on the simultaneous 
reception of the direct and the reflected waves, which are coherently added 
at the antenna, where the interference occurs. The received signal power 
changes as a function of time due to the movement of the GNSS satellites. 
The IPT studies the temporal evolution of the power of the interference 
signal as a function of the angular position. The first studies performed 
using a similar technique [24], [25], showed results on dielectric properties 
of soils using a Left Hand Circularly Polarized (LHCP) antenna. Also, in 
[26] the properties of a snow-covered metallic plane were studied using a 
LHCP antenna. It was found that when a LHCP antenna is used, the 
horizontal polarization masks the angular information since it does not 
exhibit the null reflectivity at the Brewster’s angle that the vertical 
polarization does. Therefore, a similar technique has been implemented by 
changing the polarization basis and using only a vertical polarized antenna. 
The IPT has been successfully applied over land surfaces to implement the 
soil moisture retrieval.  

From now on, among all the posible GNSS signals only the Global 
Positioning System (GPS) ones will be used in this Ph.D. thesis since they 
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The power received at the antenna ( ), can be expressed as (4.1). 

∝ | 	 |  ,                                                 (4.1) 

where the Ei and the Er are the incident and reflected electric fields. Then: 

∝ | 	 | ∙ θ ⁄ ∙ 	 ∙ θ, ε ∙ θ ⁄ ∙ ,     (4.2) 

where  is the reflection coefficient (or the Fresnel reflection coefficient “ ” 
for a flat surface), which is function of the elevation angle (θ) and the 
dielectric constant (ε ), θ  and θ  are the antenna patterns for the 
direct and the reflected GPS incoming signals,  is the magnitude of the 

incident electric field, and  are the phases of the incident and reflected 
waves, respectively.  

Assuming: 

θ θ  ,                                            (4.3) 

eqn. (4.2) can be written as: 

∝ | 	 | θ ∙ ∙ 1 θ, ε ∙ ∆ 	,               (4.4) 

where ∆  is the phase difference between reflected and direct waves: 

∆ ∙ h ∙ θ  ,                                        (4.5) 

where  is the wavelength defined as the speed of the light over the working 
frequency  ( 1.57542	GHz) and h is the instrument height. 

When eqn. (4.4) is expressed in decibels logarithmic unit: 

 

∝ 10 ∙ | 	 | ⋯	

… 10 ∙ 	 θ ∙ 10 ∙ 1 θ, ε ∙ ∆ ⋯ 

… θ 	10 ∙ 1 θ, ε ∙ ∆   .                                      (4.6) 

 

θ  becomes an amplitude modulation term (different for each value of	θ) of 
the interference pattern. θ  does not affect the shape (nulls and peaks) of 
the interference pattern as shown in  Figure 4.2. 
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where θ  is the incidence angle, θ  is the transmitted angle,  is the 
refraction index of the incident signal medium, and  is the refractive 
index of the transmitted signal medium.   

In the proposed technique, linear polarization antennas (h: horizontal and v: 
vertical) are required instead of circularly polarized (LHCP: left or RHCP: 
right hand) for two main reasons:  

  and  have a larger variation with the incidence angle than  
and , and therefore provide more information than a circularly 
polarized antenna, and 

 a single linear polarization antenna can receive the direct and 
reflected signals simultaneously, while if a RHCP antenna were used, 
it will collect the direct signal, but not the reflected one, which will 
mostly be LHCP (except for the cross-polarization of the antenna 
pattern and the polarization mixing of the reflected signal on the 
rough surface). 

Eqn. (4.9), can be used to express θ  as a function of the θ  and the 
dielectric constant ( ε ∙ μ , where μ  is the permeability constant 

assumed to be equal to 1 (magnetic medium). 

 

∙ θ ∙ θ .                               (4.9) 

 

Then, eqns. (4.7) and (4.8) result in eqns. (4.10) and (4.11), respectively: 

,

∙ ∙

∙ ∙
   ,                  (4.10) 

 

,

∙ ∙ ∙ ∙

∙ ∙ ∙ ∙
   .           (4.11) 

 
Equations (4.10) and (4.11) are then computed at the interfaces between soil 
layers and are combined to obtain the surface’s reflectivity coefficient ( ). 
For the sake of simplicity, a three-layer reflectivity model (air + two soil 
layers) has been used to derive eqn. (4.12). However, it can be readily 
extended to an m-layer model in an iterative way: 
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 a simple soil moisture retrieval algorithm has been devised based on 
the position of the notch of the interference pattern at v-polarization 
and the amplitude of the oscillations of the pattern, and 

 experimental data over a bare soil field has been presented to 
validate the technique. 

Next chapter focuses on the study of the vegetation effects, and the data 
processing of different field campaigns, including the vegetation growth 
stages and different crops. 
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5	

Use of GNSS-R for Vegetation-Covered 
Soils Monitoring 

 

 

 

 

 

 

 

 

This chapter focuses on the study of vegetation-
covered soils from the SMIGOL-Reflectometer 
ground-based instrument using the IPT. The 
vegetation effects are analyzed and the soil moisture 
retrieval algorithm is modified accordingly. Three 
field experiments are performed in order to test the 
IPT and the retrieval algorithms in presence of 
vegetation. Afterwards a new technique for a deeper 
vegetation analysis is presented and tested during a 
11-month field experiment. The results are shown in 
this chapter and the main conclusions are 
summarized. 
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5.1 Introduction 
 

The IPT has been proven to work over bare soils scenarios, where few 
geophysical parameters play a role in the equations: soil moisture, soil 
surface roughness, and topography. However when vegetation covers the 
soil, the surface must be modeled to include an extra layer, going from 
air+soil to air+vegetation+soil model. This chapter is split in two main 
sections.  

 

 The first one focuses on vegetation height monitoring. It is performed 
using the IPT and a new algorithm built to retrieve three geophysical 
parameters: topography, vegetation height, and soil moisture. For the 
IPT, the vegetation water content (VWC) is assumed to be the typical 
value of each crop, therefore there is an error in the vegetation height 
and the soil moisture retrievals that is intrinsic to this assumption.  

 

 The second one focuses on VWC retrieval. In order to provide 
information about the VWC independently from any other 
geophysical parameter, a new technique is proposed and analysed, 
testing it with real measurements, the GNSS-Transmission (GNSS-T) 
technique. 

  

5.2 Vegetation Height Monitoring 

5.2.1 Theoretical Aspects: Effects of the Vegetation in the IPT 
 

As mentioned above, the IPT consists of the measurement of the direct GPS 
signal and the reflected one over the surface, which are coherently3 added 
by the antenna. When introducing a vegetation layer in the modeled 
surface, the interference patterns of the received power look like Figure 5.1.  

                                                            
3  Provided the instrument’s height is less than ~ 25 m (see chapter 3). 
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Finally, focusing on the interference power amplitude and using as inputs 
the topography, the vegetation height, and the measured in-situ roughness 
value, the soil moisture can be retrieved. The retrieved soil moisture values 
are a function of the elevation ( ) and the azimuth ( ) angles of the satellite 
passage (SM sat, , ).  

Once all available satellites have been processed, the topography and soil 
moisture values are merged using [89], as in the case of bare soil scenarios, 
and the vegetation height values are averaged all together. The 
requirements to perform the three different retrievals are: 

 To perform the topography retrieval, large series of data (at least 3 
months) must be combined obtaining h , . 

 To perform the soil moisture retrieval the available data is organized 
in groups of 4 hours of measurements (6 – 8 satellite data) to prevent 
mixing sunrise and noon measurements. Then SM ,  product is 
obtained.  

 To perform the vegetation height retrieval (h ), the only restriction 

is to avoid mixing long time series. 4 hours of measurements are 
averaged. 

Then a change of coordinates is applied from ( , ) to (x, y) to finally 
generate the topography and soil moisture maps of the observed surface. In 
the following sub-sections these three retrievals are explained. 

 

5.2.2.1 Surface Topography Retrieval 
 

The algorithm for surface topography retrieval is not affected by the 
presence of the vegetation. Just in case of very dense and tall vegetation 
where it can be considered as an infinite layer, the retrieved topography 
corresponds to the top of the vegetation layer. Therefore, as in the case of 
bare soils, the speed of the oscillations of the interference power is used to 
infer the topography. The algorithm first searches all maxima and minima 
amplitude positions of the measured interference power. Then the algorithm 
splits this power into elevation angle windows containing at least one 
period, previously named as Δθ . Once these elevation angle windows are 
set, the algorithm modifies the value of the instrument virtual “height” in 
an iterative way in order to adjust the theoretical power fluctuations to the 
measured ones by minimizing the error between them, exactly the same way 
as in the bare soils algorithm. 
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lager thickness for higher elevation angles and then the soil influence in the 
reflected signals is larger. The soil moisture retrieval algorithm takes as an 
input the retrieved vegetation heights from the notches’ position (Figure 
5.9). Then, depending on the notch amplitude and the vegetation height the 
soil moisture value is inferred, SM sat, ,  (Figure 5.10). To 
exemplify that, a 50 cm vegetation height is retrieved, if the notch 3 has 1.5 
dB of amplitude, a soil moisture value of 16% is retrieved (see red arrow in 
Figure 5.10). An error of ± 10 cm in the estimation of vegetation height will 
give an error of 1.2 % of soil moisture (Figure 5.10). 

Once the soil moisture value corresponding to a particular elevation angle is 
retrieved the algorithm proceeds as in the case of bare soils: extending to 
the whole range of elevation angles in an iterative process that adjusts the 
amplitudes of the measured interference power and the theoretical one, 
SM sat, , . 

 

5.2.3 Field Experiments and Results 
 

The three different proposed retrievals have been applied to the data 
obtained from SMIGOL Reflectometer and the available ground-truth. The 
following sub-sections explain the results achieved in each of the retrievals. 

 

5.2.3.1 Palau Field Experiment 1 

5.2.3.1.1 Field	Experiment	Description	
 

The Palau field experiment 1 took place at Palau d’Anglesola in Lleida, 
Spain (41º39’34.53’’N, 0º51’7.71’’E). The SMIGOL Reflectometer was located 
at 2.6 m above the observation surface pointing to the horizon. From 
February 2008 to October 2008 it was measuring a wheat field, which has a 
smooth negative slope, and covered the different growth stages of the wheat, 
from no vegetation up to 60 cm vegetation height, including the dry up 
process of the wheat. Figure 5.11 shows some pictures of the field during the 
experiment. 
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Finally, the soil moisture retrieval algorithm over vegetation-covered soils 
has been applied to the SMIGOL data, and soil moisture maps of the 
observed areas have been obtained. Since soil moisture changes are much 
faster than topography, only data from one day at the maximum is 
processed to perform soil moisture retrievals. Figure 5.13 shows the results 
obtained. 

 

5.2.3.2 GRAJO Field Experiment 

5.2.3.2.1 Field	Experiment	Description	
 

The GPS and RAdiometric Joint Observations (GRAJO) field experiment 
took place at Vadillo de la Guareña in Zamora, Spain (41º18’N, 5º22’E). This 
experiment is the result of the cooperation between the Centro de 
Investigaciones Agrarias Luso Español (CIALE), University of Salamanca, 
and the Universitat Politècnica de Catalunya (UPC). It was carried out at 
the Red de Medición de la Humedad del Suelo (REMEDHUS) area in the 
frame of the Soil Moisture and Ocean Salinity (SMOS) mission preparatory 
activities. The field experiment consisted of three plots: bare soil, perennial 
grass and barley, measured with the L-band AUtomatic RAdiometer 
(LAURA) radiometer [96]. The SMIGOL Reflectometer is observing the 
barley field, repeating the Palau field experiment for this type of plant. Also 
the GPS Reflectometer Instrument for Passive Advanced Unit (griPAU) 
(GNSS-R reflectometer) instrument [44] was used in this field campaign to 
support an intensive measurement period during July 2009, and measured 
Delay-Doppler Maps [20] over land surfaces. 

The CIALE team was in charge of the in-situ ground-truth [97]. Related to 
the barley plot: two hydra probes were installed at 5 cm depth registering 
the soil moisture, and the temperature every 30 minutes. Also, thermistors 
were installed at at 5, 25, 50, and 100 cm, to measure the temperature 
profile. Vegetation was also controlled during the whole cycle (from 
November 2008 to July 2009) in terms of thermal IR measurements (soil 
and vegetation), Normalized Difference Vegetation Index (NDVI) 
measurements, Leaf Area Index (LAI), height, dry and wet weight, 
Vegetation Water Content (VWC), dew and rain events, phenologic stage, 
green cover percentage, and litter. About the topography map, the CIALE 
team provided a Digital Elevation Model (DEM) measured using a GS200   
3-D Laser scanner [98], with a 3 mm resolution.  
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differences between the soil moisture values measured with the probes and 
the ones obtained from SMIGOL-Reflectometer, for the 5 cm depth probe 
and the 20 cm depth probe, respectively. The underlined DoYs correspond to 
the irrigation days. The one marked in bold letters denotes the smallest 
difference.  

 

Table 5.2 Soil moisture ground-truth and retrieved values and differences between them. 
The three soil moisture values of the SMIGOL-Reflectometer measurements (4th 
column) correspond to the three closest values inside the observed area to the 
ECH2O soil moisture probes. DoY = 161, 170, and 181 correspond to days of 
irrigation and have the highest soil moisture values. 

 

DoY  Probe 1  
(5 cm) 

Probe 2  
(20 cm) 

SMIGOL‐Reflect.  
Measurements 

Error vs  
Probe 1 

Error vs  
Probe 2 

159  20%  24%  21.3%, 22.4%, 24.2%  [1.3 ‐ 4.2]%  [0.2 ‐ 2.7]% 

161  35%  28%  33.7%, 34.1%, 35.9%  [0.9 ‐ 1.3]%  [5.7 ‐ 7.9]% 

165  29%  27%  29.3%, 30.2%, 31.6%  [0.3 ‐ 2.6]%  [2.3 ‐ 4.6]% 

167  26%  27%  22.7%, 23.0%, 24.6%  [1.4 ‐ 3.3]%  [2.4 ‐ 4.3]% 

169  24%  27%  24.8%, 25.8%, 26.7%  [0.8 ‐ 2.7]%  [0.2 ‐ 1.7]% 

170  37%  32%  35.6%, 36.5%, 36.9%  [0.1 ‐ 1.4]%  [3.6 ‐ 4.9]% 

172  30%  29%  30.5%, 31.7%, 32.1%  [0.5 ‐ 2.1]%  [1.5 ‐ 3.0]% 

174  26%  27%  24.3%, 24.9%, 25.0%  [1.0 ‐ 1.7]%  [2.0 ‐ 2.7]% 

176  23%  24%  20.5%, 21.1%, 21.9%  [1.1 ‐ 2.5]%  [2.1 ‐3.5]% 

177  24%  22%  21.2%, 21.4 %, 21.8%  [2.2 ‐ 2.8]%  [0.2 ‐ 0.8]% 

179  25%  21%  17.9%, 18.3%, 19.7%  [5.3 ‐ 7.1]%  [1.3 ‐ 3.1]% 

181  37%  31%  34.8% 35.7%, 36.2%  [0.8 ‐ 2.2]%  [3.8 ‐ 5.1]% 

183  33%  29%  31.0%, 31.8%, 32.6%  [0.4 ‐ 2.0]%  [2.0 ‐ 3.6]% 

184  29%  28%  28.9%, 29.4%, 30.2%  [0.1 ‐ 1.2]%  [0.9 ‐ 2.2]% 

 

The differences between the SMIGOL-Reflectometer measurements and the 
probes are between 0.1 % and 8.0 %. Note that values in Table 1, agree with 
probe located at 5 cm with very low errors for all the 14 days. There is only 
one value with a high error on DoY 179, but it can be due to an error in the 
soil moisture probe lecture which in fact was supposed to have lower value 
because no rain or irrigation occurred between DoY 176 and 179. Also note, 
that when errors are low for probe located at 20 cm depth they are also 
lower than the probe located at 5 cm depth, which demonstrates the 
homogeneity of the soil in dry conditions. 
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5.3 Vegetation Water Content (VWC) Monitoring 
 

5.3.1 Introduction 
 

From the retrievals’ error obtained in previous section, it is demonstrated 
that assuming the typical vegetation water content (VWC) for the crop 
under study is a good approximation. Regarding to the nocthes’ position 
(used to compute the vegetation height), recall that Figure 5.9 has been 
used for the wheat, barley and maize, being maize one of the most moisture 
plants. The results obtained imply that the VWC value used does not affect 
this retrieval. However, regarding to soil moisture retrieval, it has an error 
associated to VWC, which as seen from results in previous sections is low. 
For maize the error can be up to 8 % while for wheat or barley it didn’t go 
higher than 4 %. As the VWC of maize reaches higher values than the 
wheat or barley one, i.e. the VWC variation during the maize growth is 
larger, the approximation of the VWC to typical value is worst. Using the 
IPT and the SMIGOL-Reflectometer is not possible to split the effect of the 
VWC from the effect of the soil moisture. Here it is proposed a 
complementary technique to the IPT, also based on GNSS opportunity 
signals that taking simultaneous measurements can help to reduce the error 
in soil moisture retrievals. 

The applicability of GNSS techniques to measure the attenuation and the 
impact of the presence of vegetation canopy on the GPS measurements has 
been addressed in previously published works [101], [102]. This study 
employs a simple GNSS technique that consists of measuring the GPS 
signals in open sky conditions and under vegetation. Then, comparing these 
measurements and computing the equivalent attenuation, information 
about the water content is inferred from the attenuation. In order to test 
and validate this technique, a field campaign was conducted during an 
entire seasonal cycle of deciduous trees from February to December 2010 of 
a walnut-tree area in Palau d’Anglesola, Lleida, Spain. Trees were selected 
instead of crop just for practical reasons: the ground-truth was need to be 
gathered weekly and farmers did not allow to cut maize, wheat or barley 
plants, but cutting a limited number of the tree’s leaves had no impact on 
the tree fruit production. 
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attenuation has already been taken into account by using the factor ), and 
 and  are the phases of the incident electric field for each instrument. 

Then the attenuation is obtained in a straightforward way from: 

 .                                                      (5.3) 

 

Then, using the relationship [103]: 

,                                                  (5.4)                

the vegetation opacity ( ) can be obtained from the computed	 : 

∙ θ  .                                         (5.5) 

 
Furthermore the relationship between τ and the Vegetation Water Content 
(VWC), [104], is: 

∙ VWC  ,                                             (5.6) 

where  is a factor that depends on the vegetation type. 

 

In order to estimate the -factor for walnut trees, a field experiment has 
been performed to test the concept and gather ground-truth data on the 
vegetation water content to relate the measured power difference, or 
attenuation, to the vegetation water content. 

 

5.3.3 Walnut-Tree Field Experiment 
 

The Walnut-tree field experiment has been performed at Palau d’Anglesola, 
Lleida, Spain. Two instrument replicas were located in two different fields, a 
walnut-tree field (41º39’N, 0º51’E) to measure under vegetation and a bare 
field (41º40’N, 0º53’E) to measure in open sky.  

Measurements were made weekly from February to December 2010 (Figure 
5.26). 
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The leaves' water content is then the main parameter to be studied. The 
following equations based on previous work [105] provide the main 
relationships: 

WC LAI ∙ EWT ∙ ,                                  (5.7) 

where the WC   is the Water Content of the leaves, LAI is the Leaf Area 
Index,  is the mass density of water (dw=1000 kg/m3). 

LAI A ∙   ,                                         (5.8) 

where A  is the total area of the leaves (for circular leaves A ∙
∙ r , where r  is the mean radius of the leaves and  is the total 

number of leaves in the tree), and  is the plant density per unit area.  LAI is 
a unitless quantity. The Equivalent Water Thickness of the leaves (EWT) is 
computed as: 

EWT
∙

  ,                                 (5.9) 

where FWT  is the fresh weight of the leaves and DWT  is the dry weight 
of the leaves. 

In order to provide accurate ground-truth measurements, three stems with 
19 leaves ( ) have been weighed every week when collected (FWT ), 

and again after drying (DWT ). The difference between these two weights 
is denoted as . Then, the difference between FWT  and DWT  can be 
found as: 

FWT DWT ∙  .                        (5.10) 

This equation extrapolates the ground-truth measurements to the whole 
crown and to do that it is necessary to consider previous works [106], [107], 
which describe the basic structure of 20 year-old walnut trees based on 3-D 
digitizing techniques. A fruit walnut tree, similar to the ones in the field 
experiment, has about 16300 leaves and the leaves density is 
0.0189/m . 

Applying eqns. (5.7) – (5.10), the ground-truth water content for the leaves 
has been computed and is summarized in Figure 5.28. 
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As can be seen in Figure 5.33 the inhomogeneity of an area of leaves affects 
the retrieval, but when the area observed has plenty of leaves, the retrieval 
is more accurate. 

 

5.4 Conclusions 
 

This chapter, based on the SMIGOL-Reflectometer ground-based 
instrument measurements, extends the study performed in Chapter 4 over 
bare soils to more complex land surfaces, including the effects of vegetation 
cover. New retrieval algorithms have been developed and topography, 
vegetation height, and soil moisture retrievals over vegetation-covered soils 
have been validated using these experimental data. 

In order to obtain good topography retrievals (RMSE = 27 cm) it is 
necessary to average measurements acquired during several days, and 
several satellite passages, assuming that all points inside the glistening 
zone have the same height. Furthermore, in order to improve results, other 
antennas with better antenna diagrams can be used avoiding the effects 
caused for the current diagram at 45º incidence angle, where attenuation 
that received powers suffers provide poor quality measurements.  

Three types of crops have been studied to retrieve both the vegetation 
height and soil moisture: wheat, barley and maize: 

 Regarding to vegetation height retrieval, the results for barley and 
wheat are quite satisfactory: RMSE = 3 – 5 cm, and the ρ = 89% – 
97%. In the case of maize, a taller and denser type of vegetation the 
results are also good: RMSE = 6.3 cm and ρ = 99.74 %. 

 Regarding to soil moisture retrieval over vegetation-covered soils, the 
results agree with the soil moisture measured by the different probes. 
In the case of wheat and barley fields, changes in soil moisture 
detected by probes are also detected by the SMIGOL system, with 2 – 
5 % error. In the case of maize, despite the high vegetation thickness, 
the changes in soil moisture that are detected by probes are also 
detected by the SMIGOL instrument. Three irrigation-drying cycles of 
the observed field have been monitored and analyzed to prove the 
SMIGOL capability of detecting soil moisture variations with and 
error lower than 8 %. 

Then, the IPT has been demonstrated to be a very useful tool to retrieve 
land geophysical parameters. The SMIGOL-Reflectometer, the instrument 
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implementing the IPT, has allowed the measurement over different areas 
providing the necessary information for testing the IPT and the developed 
algorithms, giving as a result, these good retrievals of topography, soil 
moisture and vegetation height monitoring. 

It is difficult to isolate the vegetation water content (VWC) effect when 
performing the vegetation height and soil moisture retievals. Taking into 
account the good results obtained for vegetation height and soil moisture 
retrievals, it is deduced that the VWC has a very weak influence on these 
retrieval. A GNSS technique has been proposed and used to retrieve the 
VWC. The experiment has been performed on a walnut-tree field and the 
VWC, in this case leaf water content (LWC) has been studied. This was 
accomplished by computing the differential attenuation of the signals 
received by two receivers (open sky and under vegetation). Then, the -
factor has been computed to relate the vegetation opacity, , and the LWC, as 
shown in Eqn. (5.11), obtaining 0.81 for 60º elevation angle. If leaves are the 
dominant part in the plant structure, one can approximate LWC VWC, but 
this is not the case of a tree structure. It has been demonstrated that  
depends not only on the type of vegetation (different for trunks and 
branches), but also on the homogeneity of the observed area. In order to 
consider the whole range of measurements it would be necessary to get a 
more accurate ground-truth, not only for leaves, but also for the trunk and 
branches, and then compute the whole walnut-tree equivalent water content 
as a function of elevation angle, as in the following. 

θ
∙ WC ∙ θ ⋯

… ∙ WC ∙ θ ⋯
… ∙ WC ∙ θ

⋯ 

… ∑ ∙ WC ∙ θ ,                                               (5.11) 

where  is the -factor for each part, WC is the water content for each part, 
and  is the fraction of each part for the elevation angle observed. 

The main purpose of the study was to show the potential of GNSS 
techniques to retrieve the water content of the walnut-tree leaves. This has 
provided a first approximation to infer the -factor of the leaves and shows 
good agreement between the GNSS measurements and the ground-truth 
data of the leaves (r = 93 %, with a Pe almost 0, an R2 = 79%, and rms error 
of 3%). 

Is it possible to implement the SMIGOL-Reflectometer over a space 
platform? It could be possible but it would be necessary to change the 
configuration. The space-borne configuration should consist of:  



150 
 

 an up-looking vertical polarized antenna with a variable delay line to 
measure the direct GPS signal, and  

 a down-looking vertical polarized antenna to measure the reflected 
over the Earth surface GPS signal.  

Thanks to the variable delay line, both signals are coherently added after 
the antennas, not in the antenna itself as in the ground-base version. Then, 
combining direct and reflected measurements the interference powers are 
obtained and most of the present theory can be applied. 
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6	

Use of GNSS-R for Snow Monitoring 
 

 

 

 

 

 

 

 

 

 

 

This chapter focuses on the study of snow-covered 
soils from the SMIGOL-Reflectometer ground-based 
instrument using the IPT. The snow effects are 
analyzed, and an algorithm for this type of surfaces 
has been developed. A long term field experiment, 
the Monitoring Of Snow using SMIGOL-R (MOSS) 
field experiment, was performed at the Val d’Aran to 
test the IPT and the retrieval algorithms in the 
presence of snow.  
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SMIGOL-Reflectometer should be located at a higher position. As 
commented in previous chapters, as higher is the instrument location, 
faster is the speed of the oscillations. Then, the interference power 
envelope would be better defined and the notchs’ detection would be 
easier and less sensitive to localization errors. 

 Due to the low sensitivity (~1º/cm in mean) the algorithm based on 
notches gives more than one solution for the detected notch positions. 
To solve this uncertainly it is necessary to calibrate the 
measurements at the beginning of the experiment (for 5 cm ground-
truth) and follow the snow thickness increase or decreases (weather 
depending, not predictable) using the measurement of an ultrasonic 
sensor. Then it assumes that in mean the observed area will increase 
or decrease following the ground-truth trend. So that, it is a semi-
empirical algorithm (ground-truth dependent) that generates a snow-
thickness map of the observed area. Note that although being ground-
truth dependent the maps obtained show variability on the snow 
retrieval. When applying the algorithm although more than one 
solution is given only these solutions are possible, and the one 
selected is the one that in mean has a similar increase or decrease to 
the ground-truth. 
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7	

Use of GNSS-R for Water Level 
Monitoring at Inland-Waters 

 

 

 

 

 

 

 

 

 

This chapter makes use of the same GNSS-R 
techniques as in Chapter 4 and 5. After analysing the 
effects of the geophysical parameters on the 
interference patterns over land, some similarities 
with other surfaces as the ones called inland-waters, 
are easily found.  This chapter shows the theoretical 
aspects and the GNSS-R Observations over Inland-
water Surfaces (GOIS) field experiment performed to 
retrieve water level over reservoirs.  
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As it can be seen in Figure 7.5 the local maxima and local minima of 
measured and retrieved powers are in the same elevation angles, so the 
algorithm works properly. Note that the retrieved power does not take into 
account the antenna features: neither the gain nor the efficiency. So that 
there is a difference of 10 dB between the mean level of the measured and 
the retrieved powers and the amplitude of the oscillations is bigger in the 
theoretically retrieved power. Table 7.1 and Table 7.2 summarize the most 
important retrieval parameters. 

 

Table 7.1 Main results for the retrieval performed on DoY = 303. Ground-truth for water 
level is 2.140 m. 

SAT  Mean level retrieved  σ  RMSE  Δh 

16  2.133 m  0.6 cm  0.9 cm  0.7 cm 

32  2.127 m  0.6 cm  1.4 cm  1.3 cm 
 

Table 7.2 Main results for the retrieval performed on DoY = 344. Ground-truth for water 
level is 3.000 m. 

SAT  Mean level retrieved  σ  RMSE  Δh 

22  2.982 m  6.7 cm  8.8 cm  1.8 cm 

31  2.991 m  0.9 cm  1.3 cm  0.9 cm 

 

As it can be seen in the results shown in Table 7.1 and Table 7.2, the 
instrument measurements can detect the water level changes from DoY 303 
to DoY = 344. Note that mean level refers to the distance from the phase 
center of the antenna to the water top. So as higher is the mean level 
retrieved less is the water amount in the reservoir.  In order to determine, 
the minimum level variation that can be monitored by the IPT and the 
SMIGOL-Reflectometer has been studied by artificially varying the 
instrument height. Table 7.3 summarizes the results obtained. 

Table 7.3 IPT sensitivity study performed on DoY = 344. 

Ground truth SAT Mean level retrieved Δh 

3.000 m 
22 2.982 m 1.8 cm 
31 2.991 m 0.9 cm 

3.006 m 28 2.997 m 0.9 cm 

3.012 m 
19 3.002 m 1.0 cm 
23 3.003 m 0.9 cm 

3.024 m 24 3.017 m 0.7 cm 

3.036 m 
13 3.022 m 1.4 cm 
24 3.028 m 0.8 cm 

3.048 m 
17 3.052 m 0.5 cm 
8 3.032 m 1.6 cm 
7 3.037 m 1.1 cm 
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8	

Use of GNSS-R for Wind Speed 
Retrievals over Sea 

 
 

 

 

 

This chapter is the result of the Ph.D. Stay at the 
Earth System Research Laboratory (ERSL) in the 
National Oceanographic and Atmospheric 
Adminitration (NOAA), Boulder, Colorado, USA, 
during March – July, 2011. The Delay Doppler Maps 
(DDM) obtained as a result of processing the data 
collected by the GPS software receiver onboard the 
NOAA Gulfstream-IV jet aircraft are analyzed. 
Thereafter, the DDMs are used to retrieve surface 
wind speed using several different algorithms. In 
contrast to previous works where winds were 
retrieved by fitting the theoretically modeled curves 
into measured correlation waveforms, here no model 
is used. Instead, the DDMs characteristics are linked 
to the winds obtained by simultaneous GPS 
dropsonde measurements. 
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correlation power for a fixed center Doppler frequency. Analysis of the 
behavior of the trailing edge depending on the wind speed was presented in 
a number of papers [23], [34] and [112]. The effect of wind direction on 
waveforms is more subtle, not much works were done in that direction [112]. 
The delay waveform is, in fact, a result of integration of the DDM in Doppler 
domain over the entire expanse of the DDM, or over only a part of it, 
depending on the coherent integration time. At the same time, the DDM 
itself can be used for measuring surface roughness, or wind speed [37], [42], 
and [45]. 

In order to investigate the latter option in more detail an airborne 
experiment with the CU multistatic GPS software radar was conducted in 
January 2010 over the Northern Pacific Ocean. Overall, 26 hours of 
reflection data were obtained during four flights.  As a  result of processing 
of the I and Q data collected by the GPS software receiver onboard the 
NOAA Gulfstream-IV jet aircraft a set of the DDMs of the GPS reflected 
signal from several available satellites were obtained. These maps were 
used to retrieve surface wind speeds employing several different algorithms. 
The retrieval algorithms did not use any theoretical models of the signal 
scattering but rather relied on wind speed calibration and validation 
opportunity provided by the dropsondes deployed from the same aircraft.  

 

8.2 Theoretical Modeling of the Delay-Doppler Maps (DDM) 
 

Even though we do not use here any theoretical models of the DDM for the 
retrieval of the surface wind it is always helpful to have a general idea of 
how the DDM will look like for the conditions of the experiment. The first 
step in producing the DDM is de-spreading, or cross-correlating of the 
recorded signal’s I and Q data with a replica of the PRN code of the 
available GPS satellite for a set of different time lags and different carrier 
frequency offsets (see, e.g. [20], [113], [117]). This cross-correlation, Y, is 
achieved by integration of the product of the signal with the replica over the 
coherent integration time (T ), short enough to preserve the coherence of the 
signal. The mean DDM is obtained by averaging a sufficiently large number 
of absolute value squared cross-correlations | , | . The simulations of 
the mean DDM follow a well-known bistatic equation model from [20] which 
describes the averaged correlation power of the reflected GPS signal at a 
given time delay  and at a given frequency offset  with respect to 
propagation time and Doppler frequency shift both associated with the 
nominal specular point on the ocean surface (Figure 8.1):   
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〈| , | 〉 ⋯ 

… ∬
∙

|Γ| ∙ ∙ ∙ ,   (8.1) 

       

Where: 

 T  is the coherent integration time,  

  is the transmitter effective isotropic radiated power (ERIP),  

  is the atmospheric attenuation,  

  is the receiver’s antenna gain.  

 Λ is the PRN code correlation function defined as Λ 1 | |/   if 
| |/ , and 0 elsewhere, with  being  the length of a chip of the C/A 
code defined as 1 ms/1023;  

  is the sinc-shaped function defined as / ,  

  and , are, respectively, the time delay, and the Doppler 
frequency shift for the signal traveling between the transmitter, 
arbitrary surface point , and the receiver, relatively to the same 
values associated with the nominal specular point on the mean ocean 
surface. The shapes of the equi-range annulus zones described by the 
equation const and the equi-Doppler zones described by 
equation const are shown schematically in Figure 8.1.  

  is the distance from the GPS transmitter to the scattering point ,  

  is the distance from  to the receiver,  

 Γ is the Fresnel reflection coefficient for the ocean surface,  

  is the scattering vector which depends on  and is defined as 
∙ ̂ with  and  being unit vectors, 

respectively, of the incident and scattered waves, with 2 /   and 
| |; and, 

  denotes here the probability density function (PDF) of the ocean 
surface slopes .  

The double integral in Eqn. (8.1) is performed over the spatial extent of the 
glistening zone, i.e., over the surface area that scatters the GNSS signal 
towards the receiver. The surface roughness in this region is described by 
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In the treatment of the GPS scattered signal statistics, it will be assumed 
that the scattered signal u (as well the voltage of the de-spread signal) is 
stationary and obeys circular Gaussian probability distribution with a zero 
mean [34], [121], [122]. Such a random field can be fully described by the 
second statistical moment of this field, i.e., by the spatio-temporal auto-
correlation function , 〈 , ∗ , 〉 of the scattered field 
[103], [123]. Another reasonable assumption can be made that this function 
has a single characteristic scale, and that its spatio-temporal dependence 
can be reduced to only a temporal dependence because of the relatively fast 
movement of the receiver with respect to quasi-frozen random sea surface, 
i.e., , , 0 . Under these assumptions only two parameters 
are required to fully describe the statistics of the scattered signal, namely, 
the variance of the signal (the scattered power) and its correlation time. The 
correlation time can be estimated by calculating directly the auto-
correlation function   or a corresponding power spectrum which width 
is inversely proportional to the signal’s correlation time,  [121]. A crude 
estimate of /  can be obtained by use of the Van Cittert-Zernike 
theorem [122] from which it follows that ∝ / , where    is a distance 
between the receiver and the effective surface footprint of bistatic radar, and 

 is the radius of that footprint.  From here one can conclude that   of 
the signal that represents a certain pixel of the DDM depends on the 
transmitter-receiver geometry, and also on a spatial extent of the footprint 
scattering from which contributes into that pixel.  From Figure 8.1 it is seen 
that such a footprint can be a pair of patches formed by intersection of the 
annulus zone with the Doppler zone. The signal correlation time ( ), is an 
important statistical parameter which set limitations on the coherent 
integration time ( ), and on the number of statistically independent 
samples ( / ) used in the process of incoherent averaging of the 
signal ( is total averaging time). 

 

8.3 Experiment Description 

8.3.1 Instrumentation and Measurement Technique 
 

The current version of CU bistatic GNSS-R radar utilizes dual isolated GPS 
L1 radio ASIC components which have been clock synchronized to capture 
the raw IF streams from a nadir and zenith antennas. The bandwidth of the 
captured data is approximate 2.2 MHz centered about a 4.092 MHz 
intermediate frequency, translated from the 1575.42 MHz carrier frequency. 
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When there is a phase error on the local carrier wave, the signal will be 
noisy, making it difficult to keep locked on the code. The design in Figure 
8.5 has the advantage that it is independent of the phase on the local carrier 
wave. If the local carrier wave is in phase with the input signal, all the 
energy will be in the in-phase arm. But if the local carrier phase drifts 
compared to the input signal, the energy will switch between the in-phase 
and the quadrature arm. So, if the code tracking loop performance has to be 
independent of the performance of the phase lock loop, the tracking loop has 
to use both the in-phase and quadrature arms to track the code. Figure 8.5 
shows how the tracking of the incoming signal is performed using early ( ), 
prompt ( ) and late ( ) PRN codes, and how the loops are closed using two 
different discriminators, one for the code loop (the normalized early minus 

late power discriminator:  ) and 

another for the carrier loop (Costas loop discriminator: atan ).  The 

normalized early minus late power discriminator is independent of the 
performance of the phase lock loop (PLL) as it uses both the in-phase and 
quadrature arms. The normalization of the discriminator causes that the 
discriminator can be used with signals with different signal-to-noise ratios 
and different signal strengths. The Costas loop discriminator is selected for 
being the most precise carrier tracking loop in GPS receivers sensitive for 
phase transitions due to navigation bit. 

After applying the tracking over each millisecond of data, the output is a 
continuous 500-ms block of the cross-correlation power data which can be 
averaged under the assumption that the corresponding DDM does not 
significantly evolve due to changes in transmitter-receiver geometry over a 
half-second time interval. In order to retrieve the ocean surface roughness 
for moments  when the wind ground truth from dropsondes became 
available 20 seconds of data has been processed as described above forming 
40 continuous blocks of 500-ms averaged DDM cross-correlation power for 
each of three high-elevation satellites PRN 9, PRN 15,and PRN 27. The 
result is 40 blocks per each PRN at each , and it is what is called a 
dataset in what follows. 

The procedure of a second-step averaging was applied to each dataset. This 
averaging cannot be performed by simply adding up 500-ms averaged DDM 
and dividing them by 40, the number of blocks in each dataset. The reason 
is that the altitude of the aircraft is changing over the 20-second interval, so 
the DDM might change its position both over the delay and Doppler axes.   
The effect of position migration can be mitigated. For this, the time delay 
and Doppler offset positions of the DDM maximum were computed for each 
500-ms block (see Figure 8.6).  
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8.5 Wind Speed Retrieval Algorithms 
 

Four different algorithms to retrieve the wind speed are presented in this 
section: firstly the weighted area, secondly the second order Euclidean 
distance (from now on distance) from the center of mass to the maximum 
value of the DDM, the distance from the geometric center to the maximum 
value of the DDM and the first order Euclidean distance (from now on 
taxicab distance) from the center of mass to the maximum value of the 
DDM. The algorithms have been applied to the DDM image resulting from: 

, 10 DDM ,   ,                      (8.3) 

with x  being a minimum value considered (the threshold), defined as: 

10log	 .                                          (8.4) 

Therefore the function  is treated as an image composed by pixels with a fix 
size ,  and a certain value defined by Eqn. (8.3). 

 

8.5.1 Weighted-Area Algorithm 
 

A very similar algorithm was proposed in [42] and tested during a ground-
based field experiment in [44] and [67]. In that case the volume under 
normalized DDM was computed. Here the weighted area algorithm is 
presented. It is based on the double summation (delay and Doppler domain) 
of the image ,  (Eqn.(8.3)), weighted by the value at each pair delay-
Doppler Note that this is different from the definition used in [16]. Using all 
the available datasets the weighted area of the image, , has been 
processed as: 

∑ ∑ , ∙ ∙ 		.			                          (8.5) 

 

The  for three PRN (9, 15 and 27) has been averaged for each dataset, 
and the result has been plotted against the ground-truth wind speed 
corresponding to each dataset (Figure 8.10a). 
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8.5.2 Center-of-Mass Algorithm 
 

A center-of-mass algorithm is a novel algorithm proposed here. This 
algorithm is based on the computation of the distance ∆  from the 
maximum position, MAX ,  to the center of mass, CM ,  of the image 

, , computed in Eqn.(8.3). The ∆  of the DDMs has been computed 
using all the available datasets as follows: 

 Computation of the maximum position of the DDM, obtaining the  
and  coordinates of the peak of the logarithmic normalized DDM 
(MAX 	and MAX ). 

 Center of mass computation:  

CM CM , CM 		,                                (8.6) 

where CM  and CM  are the   and  coordinates of the center of 

mass, which are defined as: 

CM ∬ , ,                        (8.7) 

CM ∬ , ,                         (8.8) 

where: 

, , ,                                 (8.9) 

  ∬ , .                             (8.10) 

 Then, the ∆  is computed. The distance between two points, 
,  and , , is defined as: 

‖ ‖ ∑ | | / .                 (8.11) 

 Then, ∆  expressed in delay and Doppler coordinates takes the form: 

∆ ∆ ∆
∆ ∆

,          (8.12) 

where ∆  and ∆  correspond to the delay and Doppler steps in the 

DDM. 

After that, ∆  of the three PRN (9, 15 and 27) has been averaged for each 
dataset and the result has been plotted against the ground-truth wind speed 
corresponding to each dataset (Figure 8.10b). 
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8.5.3 Geometrical Center Algorithm 
 

The geometrical center algorithm is also a novel algorithm proposed in this 
work. This algorithm is based on the computation of the distance ∆  from 
the maximum position of the DDM (MAX , ), to the geometric center of 
the image ,  (GC , , computed in Eqn.(8.3)). Using all the available 
datasets the ∆  of the DDMs have been computed as follows: 

 Computation of the maximum position of the DDM, obtaining the  
and  coordinates of the peak of the logarithmic normalized DDM 
(MAX 	and MAX ). 

 Geometrical center computation: 

GC GC , GC  .                                  (8.13) 

where GC  and GC  are the  and  coordinates of the geometrical 

center, which can be found using: 

GC ⁄  ,                          (8.14) 

GC ⁄  ,                     (8.15) 

 

where  is the characteristic function of the subset of values, 
which is 1 inside the representative contour of the image , , 
computed in Eqn.(8.3), and 0 outside it. 

 Then, the ∆  is computed using eqn.(8.11) as follows: 

∆ ∆ ∆
∆ ∆

,            (8.16) 

where ∆  and ∆  correspond to the delay and Doppler steps in the 

DDM. 

The ∆  of the three PRNs (9, 15 and 27) have been averaged for each 
dataset and the results have been plotted against the ground-truth wind 
speed corresponding to each dataset (Figure 8.10c). 
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8.5.4 Taxicab Center of Mass Algorithm 
 

The taxicab center of mass algorithm is also a novel algorithm proposed in 
this work. This algorithm is based on the computation of the taxicab 
distance ∆  [124] from the maximum position (MAX , ), to the center of 
mass (CM , ) of the image ,  (computed in Eqn.(8.3)). Using all the 
available datasets the Taxicab distance Δd3 of the DDMs has been obtained 
by performing the following steps: 

 Computation of the maximum position of the DDM by obtaining the τ 
and fd coordinates of the peak of the logarithmic normalized DDM, 
(MAX 	and MAX ). 

 

 Center of mass computation. The center of mass is computed 
following Eqn. (8.6) – Eqn. (8.10).  

 

 Then, the Taxicab distance Δd3 is computed. The taxicab distance 
between two points ,  and , , is defined as: 

‖ ‖ ∑ | | ,                       (8.17) 

 

 After that, expressed in delay and Doppler coordinates the Taxicab 
distance ∆  takes the form: 

∆ ∆ ∆
∆ ∆

  ,          (8.18) 

 

where ∆  and ∆  correspond to the delay and Doppler steps in the 

DDM. 

 

The Taxicab distance Δd3 of the three PRN (9, 15 and 27), has been 
averaged for each dataset and the result has been plotted against the 
ground-truth wind speed corresponding to each dataset (Figure 8.10d). 
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finally R2, the coefficient of determination which determines the tendency of 
the values to be a line instead of a cloud of points. 

 The method presented in subsection 5.1 is different from the following 
three because it relies on the DDM’s extent over both variables, 
namely, weighted area observable . One can see that it is affected 
by the wind conditions as the descriptor values, ρ, Pe and R2 in 
Figure 8.10a, indicate. Although this method gives a high correlation 
value, ρ, at the same time, R2 is around 67.2 %, which implies a large 
error in the retrievals. Indeed, the error by using this retrieval is up 
to ~ 8 m/s. 

 The observable ∆ , presented in subsection 5.2, gives higher 
descriptor values (ρ, Pe and R2 in Figure 8.10b) than observable 
SDDM, and they are highly affected by the wind speed. This method 
demonstrates high values for the correlation, ρ, and for the 
determination coefficient, R2. The R2 reaches value of 92.6 %, which 
translates into the wind retrieval error ~ 3 m/s for this range of 
winds. 

 Observable ∆  presented in subsection 5.3 also produces higher 
descriptor values (ρ, Pe and R2 in Figure 8.10c) than observable 
SDDM, but these descriptor values are lower than those produced by 
observable ∆ . Value R2 is 81.3 % which translates into the wind 
retrieval error ~ 5 m/s for the same range of winds as above. 

 The observable from the Taxicab method, ∆ , presented in 
subsection 5.4, demonstrates even higher descriptor values (ρ, Pe  and 
R2 in Figure 8.10d) than the other three previous observables, being 
highly affected by the wind speed. Value R2 reaches 96.2% which 
indicates the high probability of the points to be concentrated along 
the line rather than being a cloud of points, reducing the error in the 
wind retrieval to ~ 2 m/s. 

The above analysis shows that, with the available ground-truth information, 
the best algorithm to implement for wind speed retrieval is the Taxicab 
center of mass algorithm. 

 

8.5.6 Assumptions 
 

Two assumptions have been made in the wind speed retrieval algorithms, 
and their validity should be proven.  
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8.6 The Wind Speed Retrieval 
 

Once it has been confirmed that a coherent integration time of  = 1 ms 
and a threshold 10 log 4.34	  are suitable values, the error 
budget of each algorithms was analyzed and the wind retrieval for long time 
series has been performed. 

 

8.6.1 Wind Speed and Observable Relationships 
 

First, the numerical relationship between the observable of each algorithm 
and the wind speed from the ground truth were defined. 

 From Figure 8.10a, the regression relationship S 34.2

1670.7	 is obtained. Therefore, 	 .

.
	is the relationship 

used in the following wind speed retrieval based on observable S .  

 From Figure 8.10b, the regression relationship Δ 0.50

7.495	 is obtained. 	 .

.
  is the relationship used in the 

following wind speed retrieval based on observable Δd1.  

 From Figure 8.10c, the regression relationship Δ 0.46 4.32 

is obtained.  	 .

.
  is the relationship used in the following 

wind speed retrieval based on observable Δd2. 

 From Figure 8.10d, the regression relationship 	Δ 0.75

6.44	 is obtained. 	 .

.
 is the relationship used in the 

following wind speed retrieval based on observable Δd3.  

 

8.6.2 Error Analysis 
 

The issue of wind retrieval errors was briefly mentioned before. Now, a more 
detailed error analysis is presented in Figure 8.13 by making a comparison 
between wind speed retrieved from GPS reflection measurements and the 
wind speed ground-truth values.  
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GNSS multistatic radar. The DDMs have been post-processed and analyzed 
by means of four different wind speed retrieval algorithms based on four 
DDM observables: weighted area, distance from the center of mass to the 
maximum position, distance from the geometrical center to the maximum 
position and taxicab distance from the center of mass to the maximum 
position. After choosing the most suitable coherent integration time (1ms) 
and the threshold (-4.34 dB), the error of each algorithm has been 
estimated. Table 8.2 summarizes the performance of the algorithms. 

 

Table 8.2 Performance of the algorithms, 	  1 ms and 	 	-4.34 dB. 

Algorithm Relationship ρ (Pe) R2 µerror σerror

Pondered area  
(obs = ) 	

obs 1670.7
34.2  82.0%   (1.30 %) 67.2% 3.43 m/s 1.82 m/s 

Center of mass 
(obs = ) 	

obs 7.49
0.50

 96.2% (1.3e-2 %) 92.6% 1.32 m/s 0.89 m/s 

Geometric center 
(obs = ) 	

obs 4.32
0.46

 90.2% (2.2e-1 %) 81.3% 2.20 m/s 1.49 m/s 

Taxicab center of mass 
(obs = Taxicab ) 	

obs 6.44
0.75

 98.1% (2.0e-3 %) 96.2% 0.76 m/s 0.79 m/s 

 

The most suitable one was found the taxicab distance from the center of 
mass to the maximum position, whose mean error and standard deviation 
are the lowest, and it gives the highest correlation with the ground truth. 
This algorithm has been used to further retrieve the wind speed during 2 
hours and 15 minutes of flight producing wind speed data sampled at 5 
minutes rate. 

Overall, the wind speed retrieval based on dela-Doppler maps should 
provide more accurate wind speed estimates compared to the retrieval from 
1-D delay waveform. Accuracy of retrievals is limited by the residual 
partially-averaged speckle noise which still present in the DDM due to 
averaging over a limited number of samples. However, after computing the 
DDM center of mass position the remaining noise becomes lower than 
corresponding noise in retrievals based on 1D delay waveforms. The total 
accuracy gain would depend on how the width of the DDM along Doppler 
axis is larger than the Doppler filtering zone, which is inversely 
proportional to the coherent integration time. Further studies will be 
required to address absolute accuracy issues of the DDM retrieval method, 
especially for the satellite based GNSS bistatic radars. Overall, good 
performance of this approach for the aircraft platform motivates continued 
consideration of the DDM retrieval method for remote sensing applications. 
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9	

Towards Spaceborne GNSS-R 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter focuses on the main space-borne GNSS-
R advances. The four space missions performing 
GNSS-R measurements are introduced here and 
some modest contributions of this Ph.D. Thesis are 
explained. 
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9.1 GNSS-R Spaceborne Missions 
 

Only two space missions have performed GNSS-R measurements from space 
and other two may be launched in a mid-term future:  

 Spaceborne Imaging Radar-C (SIR-C) mission (two flights in 1994). 

 United Kingdom Disaster Monitoring Constellation (UK-DMC), 
(September 2003 to present). 

 The PARIS In Orbit Demonstrator (PARIS IoD), (undergoing Phase 
A). 

 PAU/INTA μsat-1, (undergoing Phase C/D). 

These four missions are explained in next sections and some contributions 
developed during the present PhD. Thesis are added. These contributions 
are related to the UK-DMC, the PARIS IoD and the PAU/INTA μsat-1 
missions. 

 

9.1.1 Spaceborne Imaging Radar-C/X-Band Synthetic Aperture Radar 
(SIR-C/X-SAR) 

 

The Spaceborne Imaging Radar-C/X-Band Synthetic Aperture Radar (SIR-
C/X-SAR) is a joint US-German-Italian project that uses a highly 
sophisticated imaging radar to capture images of Earth that are useful to 
scientists across a great range of disciplines. The first spaceborne 
observations of a GPS signal reflected over the Earth surface took place 
during the SIR-C/X-SAR mission [125]. All the work developed to process 
the data was carried out by the Jet Propulsion Laboratory (JPL), California 
Institute of Technology, under contract with the National Aeronautics and 
Space Administration (NASA). 
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 performing histograms and analyzing the statistics of significative 
DDM pixels. 

The main objective of this section is to conduct these three studies directly 
from the DDMs and conclude which is the best method. 

SNR analysis 

As previously said, the analysis is performed directly from the DDM. For 
this reason it is necessary to define the SNR as in modern imaging 
techniques. Traditionally, the SNR has been defined as the ratio of the 
average signal value to the standard deviation of the signal value: 

SNR 			.                                            (9.1) 

However, in image processing the standard deviation of the signal value 
approaches zero and thus, SNR approaches infinity; which is physically 
meaningless in this kind of analysis. Therefore, a new definition of SNR 
yields a meaningful value. SNR is thus defined as the ratio of the mean 
signal value to the RMS noise.  

Where the mean signal value is the difference between the average signal 
and background values, and the RMS noise is the standard deviation of the 
signal value [127]. 

SNR 		,                                        
 
(9.2) 

where: 
 .                             (9.3) 

 

The Rose criterion [127] states that an SNR of at least 5 is needed to be able 
to distinguish image features. An SNR less than 5 means less certainty in 
identifying image details. 

Figure 9.6 shows the result of processing DDM’s SNR with each criterion. 
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The DDM over the ocean (Figure 9.7a) reaches the Rose criteria for           
T 90	ms, so the T  required to obtain a basic DDM unit is 90 ms. For the 
DDM over land (Figure 9.7b) the SNR analysis is not conclusive because the 
values fluctuate too much which is probably due to the multiple reflections 
and topography. From the ice data (Figure 9.7c), neither the SNR analysis 
contributes relevant information about the basic DDM unit, because its 
values are always better than 5. 

 

Volume analysis 

In order to study the normalized DDM volume it is necessary to establish 
different thresholds. A threshold is defined as a function of the maximum 
value of the DDM in %. Lower thresholds correspond to 10% of the 
maximum value of the DDM and higher thresholds to 60%. Then, the 
normalized DDM volume is defined as the area ([chip x Hz]) multiplied by 
the normalized power of the DDM overcoming these thresholds. 

Theoretically with increasing integration time, the difference between the 
signal peak and the average noise value increases too. If a certain threshold 
is selected, for low integration times the difference between the signal peak 
and the noise floor is small, and the noise floor overcomes the threshold. In 
this case, when computing the volume, it will be higher than the expected 
one. But if the integration time increases, only useful signal will be over the 
threshold, and the volume falls down. Then, with a progressively increasing 
of the integration time, the volume also increases and tends to stabilize.   

Figure 9.8 shows the volume analysis of each DDM versus the value of the 
integration time. Observing the ice raw data processing (Figure 9.8c) makes 
evident that in practice the behavior of this study is exactly the expected 
one: from a certain integration time, the volume of the figure that overcomes 
any of the thresholds defined is kept practically constant. Before this 
minimal integration time, which defines the basic DDM unit, the volume of 
the figure that overcomes each threshold has a certain fluctuation due to a 
high level of noise that is still over the marked threshold.  
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From Figure 9.8 it can be inferred that over ice and over land the volume is 
a good criteria to determine the basic DDM unit, because the volume 
stabilizes from one set integration time for each surface type. So, a basic 
DDM unit should be defined over ice around 7-8 ms (Figure 9.8c), while over 
land the basic DDM unit will be set around 45 ms (Figure 9.8b). Doing the 
same analysis over ocean surface, the basic DDM unit stabilizes around 90 
ms (see Figure 9.8a), although the results are not as clear as in both other 
surfaces, probably because of ocean surfaces are more dynamic than land 
and ice surface in terms of dispersion, and the DDM power fluctuates. 

 

Statistical analysis 

The third way proposed to determine the basic DDM unit is by means of an 
statistical study of one point in the DDM ( in this work the study has been 
done in two points, the one closest to the maximum, and one of noisy zone ). 
The main idea is departing from the entire strip of information to obtain the 
DDM corresponding to every millisecond and then accumulate them in 
groups with lengths defined by the integration time. 

If the real and imaginary parts of the received signal correspond to two 
independent Gaussian distributions, the received signal amplitude will be a 
Rayleigh. The mean and variance of a Rayleigh random variable may be 
expressed as: 

 ,                                          (9.4) 

.                                                        (9.5) 

 

The Rayleigh distribution is a particular case of the Rice distribution, when 
no signal is present, and there is only Gaussian noise. Therefore, in theory, 
when the integration time corresponds to the lowest value (1 ms coherent 
integration), the expected distribution is a Rayleigh probability density 
function (pdf). As the integration time approaches the DDM's basic unit, the 
probability density function will progressively behave as a Rice distribution.  

 



         

          

         
Figur

 

From
unit
the 

 

                   

                        

                   
re 9.9 Histo

with 

Ti	= 1

m the stat
t, but base
DDM can

          (a)     

            (c)      

         (e)      
ograms of th

Ti	= 20 ms, 

1 ms, (f) ice w

tistical ana
ed on it a q
n be obtain

                   

                   

                   
he DDM over

(c) land with

with Ti	= 20

alysis it is
quality ma
ned. It can

210

                   

                   

                   
r three surf

h Ti	= 1 ms,

0 ms.   

s very diff
ap (based 
n be deter

0 

                  

                  

                  
faces: (a) oce

 (d) land wit

ficult to de
on the do

rmined if t

        (b) 

   (d) 

      (f) 
ean with Ti	=
th Ti	= 20 m

etermine t
minant di
the result

= 1 ms, (b) 

ms and (e) ice

the basic D
istribution
ting DDM

 

 

 

ocean 

e with 

DDM 
n) for 
s too 



211 
 

noisy or a real DDM is present. The main drawback of this analysis comes 
from the fact of the pdf changes do not occur instantaneously. 

Conclusions 

The analysis of the DDM’s volume is the clearest of all the proposed ones to 
determine the basic DDM unit (minimum incoherent integration needed to 
obtain meaningful information). From these results, it can be stated that its 
value becomes stable from 8 ms over ice, from 45 ms over land, and 90 ms 
over ocean. The statistical analysis does not provide any significant 
information except to monitor the presence or not of a DDM in the noise. 
More data is needed to be processed to generalize this study, but SSTL has 
not agreed to release it. 

 

 

9.1.3 PAssive Reflectometry and Interferometry System (PARIS) In-
orbit Demonstrator (PARIS IoD) 

 

9.1.3.1 The Concept 
 

The passive reflectometry and interferometry system (PARIS) concept was 
originated by Martin-Neira in 1993 in the European Space Agency (ESA), 
Noordwijk, The Netherlands, in 1993 as a novel method to perform 
mesoscale ocean altimetry. The PARIS concept [15] uses signals of 
opportunity such as the signals from the global navigation satellite systems 
(GNSS), which are reflected off the ocean surface to perform mesoscale 
ocean altimetry. Opposed to classical GNSS-R, where signals are cross-
correlated with locally generated replicas of the C/A code, in PARIS IoD the 
direct and the reflected signals are cross-correlated. Essentially, the relative 
delay between the direct and the reflected signals received from a Low 
Earth Orbit satellite providing information about sea surface height.  

In order to test the feasibility of the PARIS concept some experiments have 
been carried out. The first one was performed off the 5022-m-long Zeeland 
bridge [30] on the Dutch coast - the longest in the Netherlands - in July 
2010. 
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enough to separate in delay samples the reflected signal from the direct 
signal, avoiding that the direct signal masks the less intense reflected 
signal. 

 

9.1.3.2.2 Classic	Approach	
 

9.1.3.2.2.1 Theoretical	simulations	
 

The expected product given by the GNSS-Reflectometer is two DDM peaks 
coming from the same satellite, but one delayed with respect to the other, 
due to the differences in the paths covered, and one has a smaller amplitude 
than the other, due to the reflectivity of the surface over which the GPS 
signal is scattering. In order to emulate these measurements a vector signal 
generator has been used, SMU 200A Vector Signal Generator from ROHDE 
SCHWARZ [128]. 

Signal levels and incoherent integration time 

The level of the two signals is different due to the fact that the reflected 
signal comes from the surface over which has been scattered and affected by 
their reflectivity. So, that the reflected signals is expected to be powerless 
than the direct signal.  

In order to consider the received signals as quality enough signals, the 
minimum SNR that must be reached is 5, following the Rose criterion [127], 
Eqn. (9.2). The weaker the reflected signals is, the larger is the incoherent 
integration time needed to achieve a SNR >5.  

In Figure 9.13 a number of measurements with synthetic data has been 
performed considering the reflected signal some dB lower than the direct 
one and the corresponding SNRs has been computed by increasing the 
incoherent integration time. As it can be seen when reflected signal is 
attenuated 2 dB respect to the direct one the required coherence integration 
time is 1 ms, but in the extreme case where reflected signal is 15 dB lower 
than the direct one, 16 ms incoherent integration is needed. 
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9.2 Conclusions 
 

Global Navigation Satellite System Reflectometry (GNSS-R) has shown its 
potential to retrieve geophysical parameters over the ocean, mainly 
altimetry and sea state, and over land, mainly soil moisture. For that reason 
all these missions are important and relevant to keep on performing 
scientific studies at a global scale. The related studies of the present Ph.D 
Thesis are modest contributions to the work that has been or it is being 
performed for the RSLab and many other researching groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



232 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



233 
 

 

 

 

10	

Summary, Final Conclusions and 
Future Work 

 

 
 
 
 

 

 

 

 

 

 

 

This chapter summarizes the main conclusions of the 
work developed during this Ph.D. Thesis. A general 
conclusion and the future research lines are also 
presented. 
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10.1 Summary 
 

GNSS Reflectometry (GNSS-R) is nowadays a convenient tool for remote 
sensing of the Earth, which is receiving more and more interest. A lot of 
effort and work have been performed since it was first proposed for 
altimetric applications [29].  

This Ph.D. Thesis has presented some contributions to Earth observation 
using GNSS opportunity signals. The innovation of the Ph.D. Thesis is 
mainly the development of a new ground-based instrument (the Soil 
Moisture GNSS Observations at L-band (SMIGOL) reflectometer) to apply 
an original and simple technique (the Interference Pattern Technique or 
IPT) over a number of different scenarios that, after performing some field 
experiments and acquiring real data, have produced very good results on the 
retrieval of geophysical parameters.  

Although this is the main core of the Ph.D. Thesis, parallel studies have 
been performed to retrieve other geophysical parameters, as: 

 the vegetation water content, that required a specific instrument also 
designed and developed during the Ph.D and a field experiment to 
validate the GNSS-Transmission (GNSS-T) technique, and 

 the wind speed over the ocean that was part of an international 
collaboration at the Earth System Research Laboratory (ERSL) in 
the National Oceanographic and Atmospheric Administration, at 
Boulder, Colorado, USA. 

The IPT has been presented as a new technique to measure the surface’s 
soil moisture based on the power variations of the interference signal 
between the direct and the reflected GPS signals: 

 a simple soil moisture retrieval algorithm has been devised based on 
the position of the notch of the interference pattern at v-polarization 
and the amplitude of the oscillations of the pattern, and 

 experimental data over a bare soil field has been presented to 
validate the technique, and 

The effect of vegetation has also been studied, and the data processing of 
different field campaigns, including the vegetation growth stages and 
different crops, has been performed. New retrieval algorithms have been 
developed and topography, vegetation height, and soil moisture retrievals 
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over vegetation-covered soils have been validated using these experimental 
data. 

The effect of vegetation water content has been also studied by 
implementing a different technique, the GNSS-T. Specifically, this 
technique has been used to retrieve the water content of the leaves of a 
walnut-tree field. This was accomplished by computing the differential 
attenuation of the signals received by two receivers (open sky and under 
vegetation). Then, the b-factor has been computed to relate τ and LWC. It 
has been demonstrated that this factor depends not only on the type of 
vegetation (different for trunks and branches), but also on the homogeneity 
of the observed area. In order to consider the whole range of measurements 
it would be necessary to get a more accurate ground-truth, not only for 
leaves, but also for the trunk and branches, and then compute the whole 
walnut-tree equivalent water content as a function of elevation angle. 

The IPT and the SMIGOL-Reflectometer have been validated and are 
powerful tools to monitor the water level of reservoirs and lakes as well. The 
algorithm developed, based on the speed of the oscillations of the 
interference powers, retrieves the water level with centimeter accuracy. 

Over snow-covered surfaces, the IPT can also retrieve the snow height. Due 
to the variability of the snow accumulation in scenarios as a mountain, the 
previously used algorithm based on the inspection of notches (in terms of 
positions and the number of them) cannot be directly used. Therefore a new 
semi-empirical algorithm, more realistic in terms of applicability, has been 
theoretically implemented and tested in a long field experiment retrieving 
snow thickness maps in the Pla de Beret at Comalada Mountains (Vall 
d’Aran, Lleida, Spain). 

The IPT cannot be applied from an aircraft or over ocean surface which 
requires the use of techniques based on Delay-Doppler Maps (DDM) to 
retrieve ocean winds. The results of the work processing the I and Q data 
collected with  CU GNSS multistatic radar onboard the NOAA Gulfstream-
IV jet aircraft, are shown. The DDMs were possible to obtain because of the 
relatively high altitude and speed of the aircraft. To some extent, this 
experiment can be regarded as a test for space-borne GNSS-R. The DDMs 
have been post-processed and analyzed by means of four different wind 
speed retrieval algorithms based on four DDM observable: weighted area, 
distance from the center of mass to the maximum position, distance from 
the geometrical center to the maximum position and taxicab distance from 
the center of mass to the maximum position. After choosing the most 
suitable coherent integration time and the threshold, the error of each 
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algorithm has been estimated. The most suitable one was found the taxicab 
distance from the center of mass to the maximum position, whose mean 
error and standard deviation are the lowest, and it gave the highest 
correlation with the ground truth. This algorithm has been used to further 
retrieve the wind speed during 2 hours and 15 minutes of flight producing 
wind speed data sampled at 5 minutes rate. 

 

10.2 Final Conclusions 
 

At the beginning of this Ph.D. Thesis, when performing the simulator of a 
space-borne GNSS receiver, the theory and the main concepts of the GNSS-
Reflectometry were asimiled and a general idea of the GPS signals main 
interactions with the Earth were understood. Then, when 
SeoSAT/INGENIO did not undergo into phase B and the project left with no 
sense for a Ph.D. Thesis, a new idea came into our minds and, as it fit into 
the Ph.D. Thesis title “Contribution to Earth observation using GNSS-R 
opportunity signals”, we decided to investigate in that new direction.  

The Interference Pattern Technique (IPT) was initially though for soil 
moisture monitoring. To implement that technique it was necessary to 
develop an instrument, which was called Soil Moisture Interference-pattern 
GNSS Observations at L-band (SMIGOL) Reflectometer. By building the 
instrument a lot of hardware and technical issues, as circuit design and 
suitability of components for the design, have appeared. The IPT and the 
SMIGOL-Reflectometer were used into several field experiments, a total of 6 
long field experiments with the corresponding ground-truth data 
acquaisition were performed. The real data acquired was used to develop 
the retrieval algorithms, testing the technique for several applications. 
What initially was though to retrieve the soil moisture of land has ended 
into a very useful tool to retrieve many other parameters, as topography, 
vegetation height of different crops, water level into reservoirs, and snow 
thickness of snow covered surfaces. In order to get information about 
vegetation water content other complementary GNSS technique have been 
implemented building a simple instrument to get GPS signals above and 
under vegetation layer.  

Thanks to the initial learning process related to Seosat/INGENIO it has 
been possible to process the data from an aircraft flying over the ocean and 
new algorithms have been applied for wind speed retrieval, complementing 
the initial goals of this Ph.D. Thesis. 
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The algorithms developed for the retrievals are the complementary software 
part, the field campaigns carried out fulfil the experimental part, and 
finally, the results obtained are the validation of the hypothesis introduced 
at the begining of this Ph.D. Thesis. 

 

10.3 Future Work 
 

The future research lines opened by the work presented in this Ph.D. Thesis 
are: 

 The instrument developed during the Ph.D. Thesis, which has been 
the necessary tool to demonstrate all algorithms and get all the 
results can be improved. Currently a wireless 4-faces SMIGOL is 
being implemented by a new Ph.D student and it will be fully 
operational during 2012. Thinking in soil moisture, the idea is to 
enlarge the covered area converting the SMIGOL-Reflectometer in 
one of the intermediate steps global soil moisture monitoring: soil 
moisture probes – wireless 4-faces SMIGOL – aircraft measurements 
– satellite. 

 Regarding to vegetation water content it could be interesting to test 
the technique into a maize field, one of the most moisturized plants. 
It has been tested in this Ph.D. Thesis under a walnut area, but crops 
grow and combined with the IPT and the SMIGOL-Reflectometer to 
extract the plant height, it could give very nice results. 

 Another interesting idea related to the previous one is to perform a 
polarimetric study using Right Hand Circulary Polarized (RHCP) and 
Left Han Circulary Polarized (LHCP) with a cross-polar component of 
at least -35 dB. During this Ph.D Thesis it was also tested, but the 
patch antenna used was not good enough. We realized about the 
exigent characteristics required for the experiment, and as it was not 
the main goal of this Ph.D. Thesis, we decided to leave the idea for 
the future. 

 Regarding to water level monitoring, a pending issue is to test this 
technique over dumps or lakes. During the Ph.D. thesis it has been 
tested into a small reservoir very clean of geographic accidentals and 
also the receiver was located very close to the surface (~3 m). 
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The results obtained convert all these applications into promising 
applications, but a lot of work can still be done. This Ph.D dissertation is 
another contribution to the GNSS-R field which is expanding more and 
more every day and has a lot of people of around the world making efforts in 
performing studies, developing instruments and carring out field 
expereiments to test and validate concepts.  
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Appendices 
 

APPENDIX 1: Main descriptors for data fit 

The main descriptors considered for the fit of the data are described below.  

The Pearson correlation coefficient r is defined as: 

r
∙

 ,                                              (A. 1) 

where  is the covariance of the measurements vector and the ground-
truth data vector,  is the variance of the measurements vector and  is 
the variance of the ground-truth data vector. Pe is the probability of error in 
the computation of the Pearson correlation coefficient. If Pe is less than 5% 
then the correlation given by r is trustable. 

 is the coefficient of determination of the statistical model, describing the 
tendency of the values to be a line instead of a cloud of points, and is defined 
as: 

1  ,                                         (A. 2) 

where  is the sum of squares of residuals and  is the total sum of 
squares defined as: 

∑ ,                        (A. 3) 

where  is the vector of measurements and  is the the 

regression line of the vector of measurements. 

 

∑ ̅    ,                  (A. 4) 

where ̅  is the mean of  the vector of measurements. 

 

Finally, the RMS error (RMSE) is the root mean square error computed as: 

RMSE
∑

		.                   (A. 5) 
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