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Abstract

Global Navigation Satellite System Reflectometry (GNBFS is attracting
growing interest nowadays for several remote sensing applications. As a bistatic
radar, the transmitter artle receiver are not ectocated and in the special case of
GNSSR, the GNSS satellites are acting as transmitters and the receivee can
mounted either in a static position or onboardi@raft or low orbit satellite.
Various information about the surfarem where the GNSS signals are reflected
or scattered can be extracted by means of reflected signal strength, code delay,
carrier fhase delay, interference with direct GNSS signals and sdassible
applications cover soil moisture retrieval, topographyand thickness detection,
snow depth estimation, vegetation coverage, sea state monitoring such as sea wind
and surface roughngssea salinit§y

In this work,soil moisture retrieval wamostly focused on. Hardware including
antennas and receivesas studied and designedur first strategy of soil moisture
retrievalis to apply a single Left Hand Circular Polarization (LHCP) angefor
reflected signal receptiomhereforemultiple types of antennas such as the helix
antenna, the patch antenna and several commercial antennas were designed,
simulated or tested in thenechoicchamber.Two receiver solutionsvereused in
our group and both of them apply the SiGe GPS frontEndfirst solution is a PC
based one: the collection astbre of the raw icoming reflected GPS signals were
done by the NGrab software (designed BAVSAS Group of Politecnico di Torino)
instdled in a standard P(.he other solutiorwasdevelopedn our group and its
operatedby a single Hackberry bogravhich consists of power supply, storage
subsystem and customized Linux Debian operating systém.light weight and
small size enable thisompact receiver to perform flight measurement onboard
UAVS.

Both of the &ove mentioned receivers ordyore raw sampled data and no real
time signal processing is performed on board. Post processing is done by Matlab
program which makes correlations both time and frequency domain with
incoming signals using the local generated GPS C/A code repleasaocalled
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Delay Doppler Map (DDM) is therefore generated through this correlation. Signal
to Noise Ratio (SNR) can be calculated through Delay Wawe{@W) which is
extracted from DDM at the Doppler frequency where the correlation peak exists.
Received signal power can be obtained knowing the noise power which is given in
a standard equationln order to better plan a static measurement and to
georefeence specular pointen the surface, programs for georeferencing specular
points on either Google Maps or &ty plane centered at the receiver position were
developed Fly dynamics in terms of roll, pitch and yaw influencing the antenna
gain due to the wvation of incident angles ere also studied in order to
compensate the gain to the received signal.

Two soil moisture retrieval algorithms were derived corresponding to two
receiving schemegd.he first one is for the receiving of only LHC&flectedsigrals.
In this case, the surface is assumed to be perfectly smooth and the received signal is
seen to consist of only coherent component caused by specular reflection.
Dielectric constant can be retrievédm the processed SNHwo measurement
campaigns wer carried out using this single LHCP systérhe first campaign is a
flight measurement overflown a big portion of rice fields when most of the fields
were floodedIt was a test measurement on the SNR sensitivity to watesdter
surfaces and an attempt dielectric constant retrieval was also perform8diR
showed good sensitivity to the surface water content and dielectric constant was
also checked to be reasonabltae second campaign is in static positions and it
includes two experiment$his campaign initially aimed at testing the sensitivity of
the compact receiver to different surface moistiResults of both SNR and
retrieved dielectric constant showed to be coherent with the surface moisture
changes.

The other retrieval algorithms for the receiving of both LHCP and RHCP
reflected signals concurrentlyhe cross polarization power ra{lopHCP/RHCP)is
believed to be independent of surface roughmgsseveral previous studies and
this idea was also verified during the deriving prodes®ither specular reflection
case (only coherent component) or diffuse scattering condition (incoherent
component). For diffuse scatterintpreewell known models were applied which
are the Kirchhoff Approximation in stationaphase approximation (Kshhoff
Geometrical Optics, KGO), Kirchhoff Approximation in Physical Optics
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Approximation (KPO) and Small Perturbation Method (SPMjese threenodels
cover different roughness surfaces from very rough (KGO) to slightly rough
surfaces (SPM)AIl the derived results of @ss polarization ratio for the three
models were verified to be independent of surface propertieslggehdon only
dielectric constant of soil and incident angle

A new application of GNSR technique forthe possibility of detection of
buried objects waéirstly investigatedby our group It has the potential use for
manmade mines detection in the military fieldvo mea&urement campaigns were
carriedout and the variation of the SNR level due to pnesence of a metallic
object was imestigated. The firgheasurement campaign was performed in a static
condition on a sandy terrain to check the functionality of #ystem.And the
presence of the metallic objesas detected also in the case of wet terrain. In the
second measuremetampign, the antenna was moving along a given paththe
possibility of detecting the object dimensiamas highlighted. The results show the
possibility of adgting this technique on board ramotely controlledUAV for
metal object and even itBmensiondetection

A measurement of snow depth attempting to relate it to reflected LHCP SNR is
briefly presented and discussed in Chapter 7.
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Chapter 1 Introduction

1.1 GlobalNavigationSatellite System

Global Navigation Satellite System, also known as GNSS system with
satellites that is used to provide autonomous-gpedial positioning of a user
receiver anywheren the world. It can be characterized as a highly precise,
continuous, alweather and neaeattime microwave (L band) technique with
signals through the Easth atmosphere. Each GNSS satellite continuously
broadcasts radio signals in two or more freqies in L-band (:2GHz) with
wavelength around 26m, the direct signals are uséa navigation, positioning
and timing[Jin, 2014]

Up to 2014, only the US Global Positioning System (GPS) and Bigssias
GLONASS are global operational GNSSs. Chinals® developing its own GNSS
named Beidou Navigation System (BDS) to realize the global covesatie year
2020. EUs Galileo positioning system is a GNSS that is scheduled to be fully
operational by 2020 at the earliest. Besides, France, India and dagpam the
process of developing regional navigation systems.

1.2 GNSSReflectometry

GNSS Reflectometry is usually called for short as GRS &s main principle is
to receive and further extract information from the GNSS signals reflected off the
Earth surfae. It works as a bistatic radar, in which the transmitter and the receiver
are separated by significant distance, comparable to the expected distance to the
target. The concept can be expanded that the receiver receives multiple signals
simultaneouslyfrom different transmitters, in which case, itrmaulti static radar.
General descriptions of GNSS and its principles and current applications are
reported in these workgGleason, 2006], [Jin, 2010], [Cardellach, 2011], [Jin,
2011]

Comparing with the o#r existing remote sensing tools, GNRSas several



Chapter 1 Introduction

advantages:

ol No additional transmitters are used, therefore the whole system consisting
of only the receiver enables to be small size and low cost.

ol Plenty of availablesignal sources, considering all tegnals transmitted
by satellites belonging to the above mentioned GNSSs.

ol Applied L band signals have good penetration through atmosphere and are
optimal for several applications, and the global coverage of GNSS
satellites provides the technique to be nearlytimé and all weather
condition operational.

ol Wide range of applications can be achieved, such as soil moisture retrieval,
sea state monitoring, icepography and thickness detection and snow

coverage study.
1.3 Soil moisture remote sensing with GN8S

Several active and passive remote sensing techniques operating in the
microwave region of the electromagnetic spectrum have been develtiped
monitor diferent important geophysical lamdrameters such aise soil moisture
andthe vegetation biomasd he importance othe soil moisture informatioras a
desired input for several applications such as hydrology, climatology and
agriculture has been well regrzed. Soilmoistureis a keycomponenbf the water
cycle. It directly influences the amount ef/aporationinfiltration, runoff, and the
amount of water uptake by plants. Smibisturecreatesenergy fuxes between the
land and the atmospherahich inpactsweather systemand mayaffect large
populated areasMoreover the accurate monitoring of soil moisture serves as a
factor in hydrological and vegetation monitoring and for better seasonal forecasting.
However, it is often a lack parameter for reious whether prediction models
since the monitoring of large area surface water resources is generally impractical
via in situ observationdecaus®f the large number of sites required and the high
cost of monitoring equipmengoil moisture influencethe dielectric constarit.e.
relative permittivity)of the soil mediumand thereforét canbe measurethrough
signal reflection and surface emissi@ue to these reasongpgnd based, airborne
and spaceborne remote sensors such ragiometers and rada systems
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(scatterometerdpr soil moisture investigatiomave been widely studied based on
measuring dielectric constant the soil. The nonostatic radar systems measure
rough surface backscattered signals aislo derive soil moisture from the
backscaer cross section, which is a function of thd dalectric constant, incident
angle and roughness. However, monostatic radars are generally less sensitive to soil
moisturethan radiometers due to the surface roughness affects.

Several airborne campaigns and ground based field experiments have proven
that radiometers operating at L band are highly sensitive to soil moisture due to the
large contrast between the dielectric constant of soil minerals and Wagework
done by [Njoku, 1982]and [Wang, 1980]showed that Lband frequencies are
optimal for sensing soil moisture in the tof2@m surface layershanks also to the
reduced atmospheric attenuation and better penetratisgefation

The Soil Moisture and Ocean SalingMOS) mission of the European Space
Agency (ESA)is an unprecedented initiative to globally monitor surface soil
moisture using a novel-R L band interferometric radiometer concepthich
sengsthe soil emissiviy [Piles, 2010 NASA also lainchedits own Soil Moisture
Active Passive mission (SMAP), with onboard a radiometersgntheticaperture
radar operating at L band (1:2041 GHz).The instrumers aredesigned to make
coincident measurements of surface emission and backedatiewer with the
ability to sense the soil conditions through moderate vegetation cover.

GNSSR as & Earthes surfaceemote sensingpol has beemwidely studied for
various applicationsMore recently, soil dielectric constardgnd soil moisture
retrieval hae started to ppduce some result3hree different observing strategies
were implemented for this kind of applicatidigan, 2012}

(1) Multipath effect and its relation to sathoisture(see Figure 4L (a)) it usesa
standardground based nearly hemispherical RHCP ramaeto receive direcsignal.
The reflected signaloriginated from ground creaemultipath effects, since it
interferes with the direct signarhe total received signal amplitude has a sinusoid
behavior with the change of sine of elevation angle (s)n(&)y measuring the
received signal to noise ratio ig possibleto retrieve soil moisturénformation
[Zavorotny, 2010], [Larson, 2010]

(2) Interference Pattern Technique (IP{3ee Figure 4L (b)) usually a

horizontatpointing vertically polarizedVP) antenna is employed:his technique
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consists of the measurement of the power fluctuatielased to thesignal resulting
from the simultaneous receptig¢and interferencedf the direct and the reflected
GNSS signalslt is something similar to a multipath effect. In this case the two rays
approach is adoptedolb moisture retrieval is based on finding a specffiotch
point from the interferencpattern,versus satellite elevatiofiMironov, 2012(a)],
[Mironov, 2012(b)], [RodriguezAlvarez, 2009], [Rodrigue&lvarez, 2011(a)]

(3) Bi-static method this is based on the separate reception of direct and
reflected signals using two different antennas and on the separate measurement of
signal powers. Bpending on th@ntenna configuratiorthree possible observing
systems exploiting thiei-staticgeometry can baurtheridentified

(3.a) Adownlooking LHCP antenna and an-goking RHCP antennéFigure
1-1 (c)) a LHCP antenna receives reflected GPS signal from thitace. The
power reflectivity could be obtained either by using asthitic radar equation
[Masters, 2004br from the power ratio between the reflected signal and the direct
signal[Katzberg, 2005]The reflectivity is then a function of dielectric coast of
the salil, the elevation angle and the surface roughness. By prapedging the
surface roughness parameter (elevation is known from the direct signal) for a
certain scattering models€e for examplgUlaby, 1982) such as the Small
Perturbation Mthod (SPM) and Kirchhoff Approach (KAthe dielectric constant
canbe retrieved.

(3.b) One RHCRup-looking antenna and twdownlooking antennas with one
RHCP polarized and the other LHCP polarifgdvorotny, 2000(a)], [Egido, 2012],
[Pierdicca, 2011{Figure X1 (d)). With this configuration, its possible taneasure
both theco-polar component of the terraireflectivity, usingLHCP signal and the
crosspolar component, using theRHCP antenna The ratio of these two
reflectivities was verified to be in good correlation with soil moisture and it was

independenbnthe surface roughness
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Figurel-1 System schemes for different observing strategies

(3.c) A similar configurationto the one described ¥{8.a) but with vertically
andhorizontally polarizedHP) antenna for botlthe up and dowrooking (Figure
1-1 (e)} this configurationwas not speciically proposed for GNSR, it can be
applied for a general bistatic radar measurement and thereferalsib available



Chapter 1 Introduction

here. $mulation studes were given by [Ceraldi, 2003], [Ceraldi, 2005he ratio
betweerthe reflected and the direct power on Bh@odarizationandthe same ratio

on theVP depend on the soil reflectivity on both th&ldnd VWP and on surface
roughness. If the power ratio between the two channels with orthogonal
polarization is considered, thefluence of the surface roughnessnces$ out. t

was verified that the final expression holds under different scattering models
which means that it could be applied under a wide range of surface roughness. This
dielectric constant retrieval approach is based on the use of the ratio of power
densities scattered dbth and vv polarizationsalong the specularimction for
different incidentangles. Since the ratio is a function of bdtle elevation angle
andthedielectric constanta minimum leastsquare technique was applied to better
define the dielectric constantby measuring at two different elevation angles at
least.

The retrieval othe soil moisture fronthedielectric constant at microwave band
(espeially in L band) has been widely invegaied and several well accepted
theoretical andempirical models have been established, sucHVdang, 1980],
[Mironov, 2009], [Hallikainen, 1985] and [Dobson, 198%he information of soil
texture in terms of percentage of clay and sand should be known and provided in
input to such models. A furtheradel described bjTopp, 1980]does not depend
on any input information, since it models the relative permittivity as a third order

polynomial function of soil moisture.
1.4 Otherapplications witlGNSSR

Apart from the application of soil moisture retrievating GNSSR, the
technique was actually first used for the sea state monitoring, pttade and
Cordey, 1988proposed to use Earth reflected GNSS signals as a meamsihg
the ocean surfacd&he concept has been put forward as an alternaolaique for
ocean altimetry by scientists at the European Space Adbtaryin-Neira, 1993].
Later, the sameorinciple was demonstrated as a useful tool to sense ocean
roughness p[Garrison et al, 1998].

Comparing with other conventional scatterometdree GNSSR technique
allows the receiver hardware to be small size, low cost and simplicity of design.
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The work carried out byGarrison, 2000]is to collect GPS reflected data over
ocean on aircraft and on a balloon at altitudes of up to 25 km, artddyp the
relationship between the sea wind speed and the cross correlation shape of the
received signalZavorotny, 200(b)] also didresearchn sea wind and developed a
theoretical model which is based on a bistatic radar equation derived using the
geonetric optics limit of the Kirchhoff approximatio®therwork has been done
based on airborne instruments for sea wind and roughness [Rugy 20032,
[Garrison, 2002], [Cardellach, 2003], [Gleason, 2003}jajchanHernandez

2008]

Altimetry is also an application that has been developed to provide
measurements of ocean and ice sheet topogrdidhtzberg, 1996tilized GPS
receiver and downwardoint antenna for receiving ocean scattered signal to
remove the effects of ionospheric delay to Haellie carried single frequency
altimeter. [MartinNeira, 2001] presented the PARIS concept and an original
experiment on sea surface altimetry using @&ffected signalsThe following
study on sea surface altimetry was basically applying-@f&cted signal[Lowe,

2002], [Ruffini, 2004], [Cardellach, 2008]Helm, 2008], either based on code
phase or carrier phase delay. Recenfampf, 2013] realized the altimetry
measurement based on Galileo E1/E5a/E5b signals, and achieved very accurate
surface heightesults, thanks to the unique Galileo signal modulation code.

Snow thickness monitoring is another topic which can apply GRSAs the
snow thickness is related to the amplitude of the reflected signal as a function of
the incident angle or relative antpiiles between different polarizations, the snow
thickness can be retrieved from the GNSS reflected sigi@istmann 2012]
applied a GPSnterferometric reflectometrynethod to monitor the snow depth,
and the test results showed strong agreement betwe8rs@ow depth estimates,
continuously operating scanning laser system and an airborne light detection and
ranging (LIDAR) measurementhe work done ¥ [RodriguezAlvarez, 2011b)]
used the Interference Pattern Technique (IPT) and a ground based reflectometer to
study the snow effects, and developed an algorithm for the snow thickness.

Vegetationcanopieshave properties tattenuatanicrowaves and this effect has
been widely studid for decades. Earlier studies such as [Ulaby, 1982] and [Ulaby,

1985] modeled the attenuation effect, and recent GRS8easurements were
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carried out to study the relationship between the reflected signal strength and
vegetation coverage attenuation irder to sense the vegetation growth. [Small,
2010] applied the GPS multipath technique and found out that vegetation height
and water content are inversely correlated with the magnitude of ground reflected
multipath.The work done byRodriguezAlvarez, 2A.1(c)] using the IPTechnique

and the measurement of [Egido, 2012] with the bistatic radar equation method also
gavetheir contributiors to the vegetation coverage research.
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Chapter 2 Basicprinciples of GNSSR

2.1 GNSS signals

The basic principle of GNSS signals is to allow the user (receiver) to calculate
the range between the receiver and the satellite at the time the signal is transmitted,
and also reeive the navigation message that is modulated to the carrier, including
the ephemeris data, used to calculate the individual G$&3lite in orbit at the
time of signal transmission and the almanac adth the information about the
time and status dhe entire satellite constellatiohhe receiver requires to receive
at least four GNSS satellitesignals simultaneouslyand to calculate the 3
dimensional positions of these four satellites, in order to solve its own position
consisting of three unknowroordinates of position and one unknown time error
between the receiver and the GNSBhis method, known as Pseudorange,
compares the transmission delay between the received code with its locally
generated replica.

Generally, GNSS applies a CDMA (Code Division Multiple Access)
spreadspectrum technique where the low bit rate message data is encoded with a
high rate,pseudo random nois¢PRN) sequence which is unique for each satellite.
The PRN is a signal similar taoise whichsatisfiedone or more of the standard
tests for statistical randomnegdthough it seems to lack any definite pattern, PRN
consists of a deterministic sequence of pulses (1 and 0) that will repeat itself after
its period. Therefore, to conclada GNSS signal usually consists of these three
main components: Carrier, a radio frequency sinusoidal signal at a given frequency
in L band; Ranging code, also called as PRN codes, allowing the receiver to
determine the travel time of microwave from d#eeto receiver; Navigation data,

a binary coded message on the satellite ephemeris, clock bias parameters, almanac,
satellite health status and other complementary information.

2.1.1 GPS signals

GPS satellites continuously broadcast two L band signals medulatth
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ranging codes and navigation messages, which are L1 at 1.57542 GHz and L2 at
1.2276 GHz. Recently, new civil signals are being added to the satellite
constellation as a major focus of the GPS modernization program, which are L2C,
L5 and L1C.Figure2-1is a brief description of GPS L1 and L2 signal structures.
The L1 carrier is modulated by coam&juisition(C/A) ranging code for civilian

use and by a pseudo random precision range code (P cbaelp. code has higher
chipping rate and is longet, only repeats once a wedk.can be encrypted as a
so-called P(Y) code which is only available to military equipment with a proper
decryption key. L2 signals are only modulated by P cdtie. L1 and L2 signals
received from each GPS satellite can be esged as follows [Ji2014]:

S.(D8</2R,, D() G, A(Psin(@ ft &) 2R, D()G (Ycos@ ftf ,(2-1)

S.(905/2R, ()G (Ycos(p £t &%) (2-2)

Where P,, and P, are received signal powers of-pmase component
modulated by C/A code and quadrature component modulated by P code of L1
signal. p,, is the signal power received of L2 signab(t) is amplitude
modulation forL1 and L2 containing navigation informatiort(t) is ranging code
modulation with either C/A code or P code, denoted by the subscripts C/A and P.

Figure2-1 Signal structures of GPS lahd L2 signals

-10-
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2.1.2 Other GNSS signals

Other GNSS systems such as GLONASS, Galileo and Compass share some
characteristics in common with GPS, but also have their unique properties.
Considering that this work is done mainly based on GPS signals, the other GNSS
systems are going to be described briefly here.

Like the GPS, GLONASS provides both high accuracy signal for military use
and standard accuracy signal for civil use. Applied carrier frequencies are L1
(16021615.5 MHz) and L2 (1246256.5 MHz). The not sgie carrierfrequency
implies that GLONASS uses frequency division multiple access (FDMA)
technique. The signals use similar direct sequence spread spectrum (DSSS)
encoding andinary phase shift keying (BPSK) modulation as in GPS signals, but
all satellies transmit the same code and each transmits on a different frequency.
FDMA is applied on both L1 and L2 band. New launched GLONASStellite in
2011 introduced L30C signal with carrier frequency 1202.25MHz and CDMA
modulation Prlichich, 2011.

Galileo transmits 10 different navigation signals across three frequency bands:
E5, E6 and EL1-E2 [Groves, 2008]Basically it uses CDMA scheme for the
ranging code and BPSK modulation. However, to increase the accuracy and to
avoid the interference with other NG5S signals in the same band, binary offset
carrier (BOC) modulation and alternate binary offset carrier (AltBOC) modulation
scheme are also applied to some bands.

Compass is a Chinese navigation system aadiill in its development phase.

It is foresen to provide global navigation service upon its completion in 2020.
Three carrier frequencies are used known as Bl, B2 adDBvoud 2013.
CDMA is also applied as GPS and Galileo and mainly QPSK modulation is used
on all the three bails [Grelier, 2007]

Table 21 shows a comparison between GPS, GLONASS, Galileo and Compass
systems [Davoud, 2012]

-11-
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Table 21 Comparison of GPS, GLONASS, Galileo and Compass

Characteristic GPS GLONASS Galileo Compass

First launch February, 197 October, 19872 December, 200 April, 2007
Full operational d February, 199 Jan, 1-bDe6, 201 Up to 2020 Up to 2020

Funding public public public & privat public

Nominal number 24 24 27 27

Orbital planesg 6 3 3 3

Orbit inclinati 55 degree 64.8 degree 56 degree 55 degree

Semmajor axis 26,560 km 25,508 km 29,601 km 21,500 km
Orbit plane sepa 60 degree 120 degree 120 degree

Revolupiemiod

11h 57.96 mi

11h 12.73 mir

14h 4.75 min

12h 35 min

Geodetic referenc

Time system

WG84

GPS time(USND

PBO0

GLONASS time, |

GTRF

Galileo system

Bei

CGs2000

Dou System T

Signal separat

Number of frequ

Frequency [MH

Number of rangin

CDMA

3L1, L2, L5

L1: 1575.420

L2: 1227.600

L3: 1176.450

11

FDMA

One peratmtopodal

G1l: 1602.000

G2: 1246.000

G3: 1204.704

6

CDMA

3(4§1,E6,E5(E5a

E1l: 1575.420

E6: 1278.750

E5: 1191.795

10

CDMA
3B1l, B2, B3
Bl: 1575.420
B2: 1191.795

B3: 1268.520

2.2 GNSS as a bstatic radar

Bi-static radar is a nanmreferringto a radar system with transmitter and receiver

not collocated.The transmitter and receiver are separated by a distance that is

comparable to the expected target distatoethe contraryradarin which the

transmitter and receiver are collocated idechimonestatic radar. As for GNSR,

GNSS satellites usually act as transmitters and receiver is mounted on board

aircraft, low orbit satellite or statically. As GNS$S5is used for surface remote

sensing, the surface is therefore the desjiedget..and the reflected signals

contain information of the surface condition.

2.2.1 Geometry

The GNSSR geometry as a {sitatic radar is shown iRigure 22. Here GNSS

-12-
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satellite issubstitutedby GPS satellite specifically since the whole work is done
considering the GPSignals. As can be seen from the figure, the receiver with a
certain distance above the surface can be equipped with two antennas: one
up-looking RHCP antenna aiming at receiving the direct signal link and one
downtlooking LHCP antenna used for the reflttsignal receiving, since the
incident RHCP GPS signal is predominantly LHCP after specular reflection.

Figure2-2 GNSSR bi-static radar geometry

The specular point is in the place where specular reflection happens,
characterizedhat the incident angle and the reflection angle are equal and in the
same plane of the transmitter and receiVéhen the surface is perfectly flat, the
power is reflectedby an active region called Fresnel zaoberently, and its size is
determined that theifferential phase change across the surface comparing with the
specular point is limited tp radians (half the wavelength of transmittechsign
length) [Beckmann, 1963]The area of the Fresnel ellipse can be calculated when
the distance between the surface and transmitter is much larger than the distance
between the surface and the receiver (or vice ver$ejs, the semmajor axis a
and the semminor axis b are determined by the incident angle and the
minimum height of the transmitter or receiver in the fom [Katzbergand
Garrison, 196]:

-13-
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a63/2dH cos( ) b S/ 2H cosf )

cos () cogf ) (23)

When the surface is rougher, more power will be scattered incoherently by an
expanded active region surrounding the Fresnel zone, which is thalled
»glistening zone. Therefore, for a moderately rough surface, received reflected
signal consists of two components generally: a coherent part due to the specular
reflection and a incoherent part caused by diffuse scatterifignese two
components are discussed in the foiloy section.

As the reflection or scattering happens, the time delay comparing with the direct
link and the frequency due to DopplEffect change, in which case isange
ellipses (lines of equal delay across the surface) anDogpler hyperbolas (lire
of equal Doppler frequencgcrossthe surface) can be mapped across the Earth.
Figure 23 shows the delay and Doppler spreading across the surface.

Figure2-3 Delay and Doppler spreading across the serfac

In the figure, lines of constamkelayare those ellipses that are centered at the
specular point, and lines of constant frequency result in hyperbolic shaped
iso-Doppler lines of equal frequency cutting through the Fresnel zone (or glistening
zone in darger scale).

-14-
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2.2.2 Bistatic radar equations

Unlike the monostatic radar, the bistatic radar has two or more routes for signal
propagation form the transmitter to the receiver. However, the bistatic radar
equation can be derived in the same way as the momostdtr equation, and its
general expression [&riffiths, 2004]:

P'GGIS$ °A
(4p’R’R’

(2-4)

where P' is received signal powerp' is transmitted signal power' and G’
are antenna gains of transmitter and receiver, respectivelig signal wavelength
(about 19cm for GPS L1 signalR and R, represent the distances between
specular point and transmitter or receiver. Asitl is the scattering coefficient per
unit area of the surface..

Eq. 24 isa general equatioreferringto the incoherent sttaring, and it can be
written in a form of integral ofs ° within the glistening zonea which is shown
in Eg. 25 [De Roo andUlaby, 1994]

P‘Gt Gl ?
LR S

where the superscripindicates the incoherepbwerand the subscrigip denotes

the polarization statey polarization received angltransmittedq andp denote VP

or HP. In the case of specular reflection, the power is reflected coherently to the
receiver, and the bistatradar equation describing the cohereomponenin the

GPS bistatic radar (RHCP transmitted, LHCP readivie [De Roo andUlaby,
1994]:

. Pth Grl 2
qp a_ 2
pROR) 4

Rp (2-6)

where the superscript denotes the coherent componem, is the power
reflectivity of the surface. As EqQ.-2, q and p denote vertical or horizontal
polarization. The coherent power only exists for-podarization scattering:
P, 0R, @&ifp d. The power reflectivity R, is further a function of Fresnel

-15-
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reflection coefficient of the equivalent smooth surface atehuatiorfactor due to
the surface roughness effect:

R, 0% 4 P(2) (2-7)

where &G is the Fresnel reflection coefficientnéd P(z) is surface height
distribution function which can be expressed in several ways. If a surface can be
modeled well by a Gaussian height distribution with zero mean and varghce

the reflectivity becmes[Beckmann 1963:

2 O83dps cosg “¢ i
Ry 0F 4 expge ?% g (2-8)

where q is the incident angle and is the wavelength. As has been discussed in
the previous section, for a general surface, reflected signal condistthafoherent
power (specular reflection) and incoherent power (diffuse scattering), and it can be
expressed:

P 8F & (2-9)

ap ap qap

where B, is the total received power. When the surface is perfectly smooth, the
diffuse scattering doesinexist and the total received power contains only the
coherent specular reflectiomhe determination of gsmooth. surface is indicated

by the Rayleigh critéon:

5p A< (2-10)
8 sing

where 8B is the mean height of the irregularities within the First Fresnel ellipse
and g is the grazing anglélhe quantity | /sig is called the spaceavelength
However, it has to be noted that the Rayleigh criterion supplies only a qualitative
indication and uses only orders of magnitude, in reality thame well defined
dividing line between a smooth and a rough surface anmdftire itss meaningless
to find a more precise definition of the paramefBexckmann 1963].

The relationship between surface roughness and surface scattering isishown
Figure 24 as an example. For the specular surface shgwridure 24 (a), tre

anguar radiation pattern of the reflected wave is a delta function centered about the

-16-
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specular direction. For the (slightly) rough surface which is showigiure 24 (b),

the radiation pattern consists of both coherent component and incoherent
component, tb main power is again in the specular direction but with its
magnitude smaller than the specular (a) case. For a very rough surface (Figure 2
(c)), the total power is diffuse scattered incoherently and the coherent component
becomes negligible.

Figure2-4 Surface scattering patterns versus different surface roughness
[Japan Association of Remote Sensih@9q

2.3 Surface scattering

2.3.1 Statistical description of a rough surface

The shape of a random rough sugfa@an be generally described by the surface
height distribution function and the surface height correlation funciitrese
descriptions have been reported in many literatytéslyy, 1982] [Pinel, 2013]
andhence, a brief introduction is given here.

For a surface whose height is given lay=f(x y), and its mean surface height is
given by z, the surface height standard deviationsis The type of surface

height probability density function can be Gaussian, Lorentzian or exponential, etc.

-17-
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Most of time, a rough surface can be characterized by a Gaussian height PDF,
which gives the expression:

p(90= jgexp[ %(Zf'%f] 211

where p.(2 is the surface height probability density function for Gaussian
distribution.

The normalized surface height correlation function is the otlescriptorof
random rough surfacel. describes the degree to which the height at one location
is correlated to the height at another location, with respect to their horizontal
distancer, &+, 8. The correlation comes to maximum if 9. It is definedby:

1 ox/i2 &2

B34z 0)%0) Y5im L 8Y "Banafad @1

X, Y3®5+8X Y

where (X,Y) are the surface lengths with respeck @ndy axis, respectively. For
a stationary surface,

ro(tar) o (o) dz)z (i (2-13)

is satisfied, with the property,(,89) $2, which is the RMS heighthgight
standard deviation) and can be used to normalize the spatial corrdtati212.
The correlation length is a characteristic value of the autocorrelation function,
representing the scale mfughness of the surface, ang tletermined by the length
at which the normalized correlation function is equakta

The root mean square (rms) slope is subsequently indicatech, asith
m89(5r @wﬁf, when thenormalizedautocorrelation function is Gaussian, the
rms slope is equal ton3=/2s, /I

2.3.2 Scattering models

The studies of modeling scattering of electromagnetic field due to surface rough
have been taken for decadg¢Begckmann 1963], [Ulaby 1982], [Fung 1994],
[Ticconi, 2011). Several well established models such as Kirchhoff Approximation,

Small Perturbation model and the Integral Equation Method (IEM) have been

-18-



Politecnico di Torino PhD RAesis

addressed irmany researchedn this thesis, soil moisture retrieval algonith
derived for either specular reflection or diffuse scattering are illustrated in detail in
Chapter 5, hence, only concise descriptions are given here.

Knowledge of scattering geometry and definition of bistatic scattering
coefficient is necessary befaapplying the scattering modekigure 25 shows the

geometry of scattering.

Figure2-5 Geometry of scattering

P(@,.j;) and P(.,j.) are transmitted and received power at directign ;)
and (q.,j ) respectively. Subscripts af and s denote incident and scattering.
Px,y,z ) is the statistical property alurface heightites then possible to define the
bistatic scattering coefficiens ; (subscriptsq and p denote scattering field at
polarizationg and incident field at polarizatiop), which is dependenton the
microwave frequency, polarization, incidenaed observing directions and is in
terms of the incident and scattering fie] and E; as follows[Ulaby, 1982}

2
o 4p ,
Sep@id 94 o)0= i

i 12
A|E)|

where the bistatic scattering coefficient is given as the ratio of the total power

2

(2-14)

scattered by an equivalent isotropic scatterer in directipf.) to the product of
the incident power density in directio, ,j,) and the illuminated area.
The Kirchhoff Approximation (KA) model is one of the first models applied
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and is employed for moderate to rough surfaces. In the Kirclapgffoach the

total fields (incident and scattered) at any point on the surface are apateciby

the fields that would be present on an infinitely extended tangent plane at that point.
The reflection is therefore considered to be locally specular.

Following this tangent plane approximation, the total field at a point on the
surface is assumed equal to the incident field plus the field reflected by an infinite
plane tangent to the point, and the detailed expression is giyeialny, 1982].In
order to get analytic solution from this approximation, further additional
simplifying assumptions should be applied, such as the statiphase
approximation (Geometric Optics, GO) for surface with large standard deviation of
surface heights (with respect wavelength) and scalar approximation (Physical
Optics, PO) for surfaces witsmall slopes and a medium or small standard
deviation of surface heights (SEEsang, 2000] and [Tsangnd Kong, 2001]as
review).

The small perturbation method (SMP) is based oriormulating the scattering
as a partial differential equation boundary value problem and to find a solution in
terms of plane waves that matches the surface boundary conditions. It is a good
model for small slopes statistics.

The bistatic scattering cdafient for either a horizontally or vertically polarized
incident wave is giveflaby, 1982], [Ticconi, 2011]:

S g 63‘k?s CO§ ; COga qp\zw k, d¢sim; K (2-15)
where
k, 0= 8sing, cog . (2-16)
k, 0= &sing sinj (2-17)
1 ov ov ik, Bk, v
Wk, k)8 80 . pd V& ™ dud (2-18)

s is the variance of surface heights andu,v) is the surface correlation
coefficient; a,, are coefficients that depend on polarization, incident and

scattering angle, and on complerelative dielectric constante, of the

-20-



Politecnico di Torino PhD HAesis

homogeneous medium below the interface.

The Integral Equation Method (IEM) is a relatively new method trying to
provide good predictions for a wide range of surface profiles and to bridge the gap
between KA and SPM, and thus it covers all roughness d¢alaeg, 1994]. This
method is relatively complicated irsigeneral form andomputationally expensive,
but quite accurate, and this is the reasdny it has been used extensively in the
microwave region in recent years.

The general expression is vaxymplicatedand the bistatic scattering coefficient

sq IS given by a sum of three terms:

Se 5o S5 Y (2-19

which are the Kirchhoff fields, the interaction between Kirchhoff and
complementary fields (cross term) and complementary fiélxisct expressions of
these three terms are reported bwri§ 1994]. A single equation of bistatic
scattering coefficient is given in the case that the surface height is moderate in
terms of the incident wavelengtls(8<2, as an indicative threshold valteported

by [Fung, 1994]), and that only single scattering contributions are selected
(multiple-scattering terms are neglected) in the expressions;of s;° and s ¢

by [Ticconi,2011]:

s 6—k

52k Ko,

noE

k,)"F,(0k, d¢ K)'F ( k& kg
6_£ sz) qp( X y)zé) q|( @x Q{*W(n)(k‘;x ago Ky aa

(2-20)

The Small Slope Approximation (SSAwas also brought in mid 1980s to unify
KA and SPM [Voronovich, 1996]. The SSA is applicable regardless of the
wavelength of radiation, on the condition that the slopes of the roughness are small
compared to the angles of incidence and scattering [Jin, 2014]. The SSA is
restricted to singkscattering phenomena and the +#ocal smalslope
approximation is a modification of the SSA for situations in which multiple
scattering from points situated each other at significant distance becomes important
[Berginc, 2002]
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Chapter 3 Hardware receiver

3.1 Antennas

Antenna characterizations are important for GNSSesearch.Therefore,
carefully choosing or designing an appropriate antenna is highly reqBaseld on
the reflection theory shown in the previocisapter, for moderate rough surface,
reflected GNSS signals apeedominatelL HCP corresponding to its transmission
polarization of RHCPHence, an L1 band (for GPS L1 signal) LHCP antenna is of
our requirement for LHCP reflection sigmakasuremenidud polarization of both
LHCP and RHCP ipreferredfor some advanced measuremeiit)e other needs
that should be met include the cross polarization level, which should be lower than
-17dB [Egido, 2012];ithe half power beam width (HPBW), which should beewid
enough for signal collection of multiple satellites (for our research), and a purely
circular polarization for either LH or RH, which requires the axial ratio (AR) to be
lower than 3 dB.

A lot of studies and simulations have been taken for sever typastefnas,
including a prototype of helix antenna, simulations of patch antennas and choosing
and testing of several commercial antennas.

3.1.1 Helix antenna

The design specifications of the helix antenna are:
8l About 10 dB of maximum gain
8l 20 MHz bandwidth centedeon 1575 MHz
sl LHCP
sl  HPBW is about 60 degrees
Both 4turn and 5turn helix antennas are simulated througigtHFrequency
Structure Simulator (HFSS), and a helix antenna with 4 turns wasabsiibwn in
Figure 31. The spacing equals to 50 mm, the diametmals to 65 mm and the
dimension of the ground plane is 150 mm*150 fRan, 2012]
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Figure3-1 Built helix antenna with 4 turns

The helix antenna was tested in anechoic chamber, the measured results

comparing with simulation results of radiation patterns at 1575 MHz are simown i
Figure 32.

Normalized Gain vs Theta

T T T T T T

Normalized Gain (dB)

Simulated Gai

—— Simulated Gai
Measured GainRH\ZP i
Measured GainLHCP

h I I I I I I I

-150 -100 -50 0 50 100 150
Theta

Figure3-2 Radiation patterns of helix antenna
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Since for both simulated and measured radiation patterns, thelawes (A and
B or E and H planes) are nearly symmetric, only one plane from each of simulation
and measurement is plotted in tekamefigure for comparisonThe measured
radiation patterns are in good agreement with simulated ones considering the main
lobe and are coherent with the specifications in these aspects: about 11 dB of
maximum gain, 50 degrees of HPBW and good cross polarization level (lower than
-15 dB within HPBW). The measured AR with simulated one is showiigure
3-3, seen from which, theircular polarization is achieved.
AR vs Theta
10— v ; ; : 3 3

Simulated{ AR
Measuredf|]AR

-150 -100 -50 0 50 100 150
Theta

Figure3-3 Simulated and measured AR of helix antenna

However, due to helix antemsabig dimension, it has limited use for our
measurement campaigns especially for tligieasurements.

3.1.2 Patch antenna

The main motivation of design and simulation of a dual port patch antenna is to
meet the cross polarization requirement which is usually not satisfied by
commercial one§lia, 2014].The basic design idea is to us8dB branch coupler
as feeding network to provide dual polarizati®y adding another patch for
coupling above the radiag patch antenna, whids called the parasiticpatch, it
becomes a dual port stacked patch antenna. Two kinds of patchsihadelben
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simulated and will be realized very soon. One is full FRedel the three layers
(feeding network layer, active patch layer and parasitic layer) areiaj GR4
material. The otheoneis calledthe hybrid model the parasitic layer useRoger
5880 ad the reststill utilized FR4 material. The modestructure is show in
Figure3-4.

Figure3-4 Structure of the dugdolarizationpatch antenna

The simulation results of the hybrid model are shown in thlewing as an
example One of these two models will be manufactured in the near future.

S parameterare showm in Figure 35. Return loss achieves34 dB for port 1
and-37 dB for port 2. Port 1 achieveb4 dB return loss with bandwidth 240 MHz
(1.431.67 GHz) and #s the same for port 2.

Figure3-5 S parameters of hybrid model

Figure 36 shows the AR values for both LH and RH channé&lse blue line
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indicates the 3 dB AR value and it can be seen that the range in which AR is below
3 dB is roughly from-90 degree to +50 degre&he antenna has fairly good

circular polarization.

(a) (b)

Figure3-6 Axial ratio (a) in LH channel, (b) in RH channel

The simulated radiatiopatterns for RH channel gain and LH channel gain in
the theta pattern at center frequency 1.575GHz are shownureR3g. As shown
the proposed antenna possessead pattern caarage and higlross polarization

at the low angles.

(@) (b)

Figure3-7 Radiation patterns in (a) LH channel, (b) RH channel
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3.1.3 Commercial antennas

In the framework of the regional project SMAR, we were also provided the
possibility to look into market for antennas that meet the needs of GRNSS
measurements, especially for the LHCP antennas. For most of the measurements
presented in this thesis,ettantenna shown iRigure 38 (a)was appliedlt is a
dual polarization (LHCP/RHCP) antenna working in GPS L1/L2 band produced by
Antcom CorporationfAntcom Corperation] with the data sheet presdriteFigure
3-8 (b).
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@)

(b)
Figure3-8 Antcom dual polarization RHCP/LHCP L1/L2 GPS (a) antenna, (b) data sheet

Recently,as the need for making static measurements on both LHCP and RHCP
reflected signalsimultaneouslygrows, another two identical antenrthsit were
produced by Antcom were purchaséthe picture of the antennas and standard
datasheet are shovm Figure 39.

They are also dual polarization RHCP/LHCP L1/L2 GPS antennas, and are
active antenrmenclosed on a 2 inches squared radome (53 mm x 53 mnarand
equipped by a LNA capable to provide a 33 dB g&iatasheets show slightly
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different radiation patterns considering free space casgrumd plane. P)), a
circular 3+ G. P. (7.6 cm diater), a circular 4 ft G. P. (1.2 m diameter). For our
particular @plication a G. P. is necessalyt it cannot be too big, because the
antenna should be mounted below the receiver in one bay slot. Therefore,
considering the 3e G. P. solution, we cae feat the maximum gain is 4.7 dB,
which provides an HPBW of 114°. In this case the antenna should be capable to
collect reflected signals cang with an elevation anglgreaer than 33°.

Cross polarizationisolation is a key parameter which makes skahd of
antenna very attractiv&he datasheet indicatéhat a 2dB AR is available for both
polarizations.

(@)

(b)
Figure3-9 Antcom dual polarization RHCP/LHCP L1/L2 GPS (a) twin antennas, (b) data sheet

However, measurements that utilized these two antennas seemed to give
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unreasonable and random results, therefore, characterizations of one of these two
antennas were done again in the anechoic charAloer.results demonstrated a
disagreement with the offial data sheet. Here only the radiation pattern
measurement results on one cut (the other orthogonal cut has similar behavior) at
L1 frequency are given as references, which are showigure 310.

(a) (b)

Figure3-10 (a) Radiation pattern for LHCP channel in the upper part and cross polarization level in
the lower part. (b) Radiation pattern for RHCP channel in the upper part and cross polarization level
in the lower part

In Figure 310, the distance between the two vertical blue lines in the upper part
of (a) and (b) indicates the HPBW aperture, and the red horizontal line in the lower
part of (a) and (b) is the reference line-b®dB of cross polarization isolation that
the antennas required to achievéAs shownin Figure 310, he cross polarization
level is far different from the data sheet (barely meets the requirement) and in both
channels the antenna is more directive (HRBWO009 than what is described in
data sheet. Therafe, it can be said that these antennas are not so ideal for our
research, and further verification is to be continued.

3.2 SiGe frontends

Another important hardware choice concethe Radio Frequency fént End
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circuit (see Figure 3-11). The SiGe GN3S Sampler2 was developedby the
[GNSS @ColoradoCenter for Astrodynamics Reseajch

Figure3-11 SiGe GN3S Sampler v2 (left) and its structure scheme (right)

It is composed of twanain integrated circug. The fist one is a Application
Specific Integrated Circuit (ASIC), which baslly amplifies the incomingadio
frequency(on the L1 GPS bandwidthjilters it, downconvets it from the GPS
carrier frequency toan intermediate frequency of 38.4 MHz and samples it
(sampling rate 8.1838 MHz, which can provide up to 8 samples per each code chip
of the modulating C/A code). Two bits for representing both thghbse and the
Quadraphase samples of the signal compurere used and are sent to the second
circuit, the microcontroller which transfers in real tim¢he ASIC generated
samplesnto an USBbus.

Basically, the system we developed is a Software Defined Radio device. Even if
the other steps of signgrocessig are performed following a pure software
approach, a device to store and to goscess all the samples of the raw signal
available is necessary. In this case, we bpe= two different solutionsvhich are

presented in the following sections.

3.2.1 PC basedeceiver

This solutionis based on the use of a Laptop PC which is directly connected to
the frontendthrough the USB port (see FiguBel?). The raw data sampled and
transferredby the frontend are collected and recorded by th@&rab software,
which is developed and provided byAVigation Signal Analysisand Simulation
group (NAVSAS)of Politecnicodi Torino.
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Figure3-12 Structure of PC based receiver

This configuration can be easily extended to suppod tfferent frontends,
with one of thentonnected to an dilwoking RHCPantennain orderto allow the
collection also of thedirect GPS signal for positioning purposes and for
geareferencing specular reflection points into thiain and even for thpotential
possibility to calibrate the reflected signalso in this case, a fully software GPS
receiver solution can be easily adopted, implementing all the standard closed loop
signal processing steps to the digital samples of the received raw sigadb(s
example theNGenesoftware receiverdeveloped by th&lAVSAS Graup [Fanting
2009).

3.2.2 HackBerry board based receiver

A more stand alone, compact and trendy solution, was based on a System on
Chip (SoC) device able tstore a large amount of raw sadegavailable during a
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single measurement: the HackbeAY%0 DewlopmentBoard [DeveloperShopby
Miniand], (see daails of his board in Figur&-13).

Figure3-13 Characteristics of the Hackberry A10 Deyainent board

The entire system was implemented an electronic boar@00mm x 80mm
Thanks to its lightness, small dimensions and independency from external power
source, it can be easily used as a payload for a $&snatlannedAerial Systems
(UAS), remotely and/or automatically controlled. Some internal subsystems
including the storagdevice theoscillator the power suppl{it can be poweretdy
an external battery which is also able to provide the required current to the
Antennass Low Noise Apiifier), the Ethernet LANand the USB management
were customized in order to better suit the performance offrthv@end A
customized version of the operating systeased on Linux Debian was also
developedfor the HackBerry boargrocessar The entiredevice wasable to
operate via the SSH protocaking either the Ethernet LAN port or a wireless
connection (an internal Wi transmitter is available). This extremelyuseful in
order to accesthe onboardirmwarewhich contains several user setupgraeters.

The boardthe frontend and the antenna wef@ally integrated into a single
box, as shownn Figure3-14.
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Figure3-14 Integration of Hackberry board and SiGe frontend in a single compact box

This second solution waadoptedfrom static position only in order ttestits
effectivenessAfter the boardbeing switched on, the operating system boot takes
around 40 sec. Data can be acquired for a certain user defined time interval (less
than 40 sec) or up to when the on board RAM is full. The data acquired are then
automatically downloaded into an <ward SD card. Theepformances of the
Hackberry Dev 10 are not adequate for the processing steps explalieapier 4
acquired data are currently pgsbcessed by a standard PC.

In theframeworkof SMAT F2 and in cooperation of ISMB and NAVSAS group,
another new compaceceiver is under development and it is to be used for flight
measurement on soil moisture, its prototype has been produced and details are
reportedm [Gamba2013.
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Chapter 4 Prediction and processing progams

4.1 Satellite prediction and georeferencing

GNSSR applies the bistatic radar geometry. Therefore, the position of the
specular point which is of our interest is determined by both the positions of the
transmitter (GNSS satellite) and the receivEne knavledge of a coordinate
system and Earth representation is necessary for georeferencing speculdigoint.
Earthcentered Eartfixed (ECEF) frame has its origin at the center of the ellipsoid
modeling the Ear#s surface, and it is roughly at the centtmass.In this frame,
all axes remain fixed with respect to the Earth and z axis always points along the
Earths axis of the rotation from the center to the North Pole. The ECEF frame is
important in navigation because the user wants to know their posélative to
the Earth, so it is commonly used as both a reference frame and a resolving frame
[Groves, 2008].

The ECEF frame enables the user to know its position with respect to the center
of the Earth.However, for most of the cases, users want towkiize position
relative to the Earth surface. A type of ellipsoid is usually used to model the
irregular Earth surface and the World Geodetic System 1984 (WGS84) is one of the
main standardsThe ellipsoid is the simplest geometric model which best fis th
entire Earth surfacgMisra and Enge, 2001] na itss also the reference for
measurements of the geoid and terrain surfaces.

The geoid is a model of the Eashsurface that extends the mean sea level
equipotential to include the land masses. All poinistlee geoid have the same
gravitational potential and the force of gravity acts everywhere perpendicular to the
geoid.The height of the geoid with respect to the ellipsoid is dengteste Figure
4-1). The current WGS84 geoid model is known as the Eartvity Model 1996
(EGM96).

The height of a body above the geoid is known as the orthometric height (also
known as elevation) or the height above mean sea level and is dehstedvn n
Figure 41. h represents the terrain height with respect to thesslid. The
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orthometric height is related to the geodetic height by [Groves, 2008]
H &h oN (4-1)

Typical GPS measurements (initial results without correction and adjustment)
give the receiver height with respect to the ellipsoid whicthésgeodetic height,
but orthometric height is more useful and often used for many applications. Maps
tend to express the height of the terrain and features with respect to the geoid, for
instance, the Google Ehr{Stillman, 2009],which is used for plamng our static
measurementsKknowing in advance whether the height provided by the GPS
receiver or a certain map is geodetic height or orthometric height is important for

georeferencing specular point on the Earurface.

Figure4-1 Height, geoid, ellipsoid and terrain

For our measurement campaigns including flight measurement and static
measurements which are demonstrated in Chapter 5, georeferencing of specular
points was done in the ECEF coordinatenfie, by assuming the surface is locally
flat (regardless of the curved Earth surface) and the surface height remains the
same with that of the receiver projection positidbhis method is accurate enough
in our case since the receiver was relatively I@gglthan 800m from the surface)
with respect to the radius of the Earth and the specular pointd d&jyarate far
from the projection of the receivefhe flight measurement wasguippedwith
onboard GPS receiver which provided ECE®ordinatesfor both transmitters
(GPS PRNSs) and receiver and georeference is easy to implement. For other static
measurements, locations were planned by utilizing Google Eantface elevation
was given by the orthometric height along with longitude and latifliderefore,
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the total receiver height (surface orthometric height + receiver height over surface,
or in other words the receiver orthometric height) was converted to geodetic height
first and then its latitude, longitude and altitude with respect to WGS84 were

further converted to ECEF frame for georeferencing specular points.

4.1.1 Skyplot

Skyplot shows the positions of satellites in terms of elevation and azifrhh.
elevation is presented by the concentric rings nested within one anokiger.
outside ring is ©and the middle of the plot is a 98levation (se Figure £) The
azimuth is the direction angle with respect to North) (Geasuredlockwisely

Figure4-2 Skyplot of GPS satellites on July 25, 2014, from 10.00am to 11.00am, with time interval of
10min

Figure 42 shows an example of skyplot of GPS satellites on a certainEian
series of points represents a certain PRINe points marked withtriangle..
indicate the first point of the desired time sequemb#esthe points marked with
»diamond.are the last points.

This skyplot was plotted based on a series of text files (each for a given time)
which are outputs of a Java program and are extracted filogn stte
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www.calsky.com Each text file consists of information of PRN number, azimuth

and elevation angels, and ECEF coordinates. This information makes it useful not
only for skyplot, but also for georeferencing sgeacupoints for static

measurements.

4.1.2 Georeferencing specular points on Google Maps

Thanks to the Google Maps API [Google Maps API], specular points can be
georeferenced on Google Maps byerlappingspecular points on the extracted
Google Maps images at a given location and at a given .zBigure 43 shows an
example of specular points mapped on Google M&ps.location is the meadow
of Piazza e@Armi of Turin, Italy and the time is the same as fhatigure 42. The
receiver projection position is depicted by the big red triangle in the center of the
figure and the receiver height above tharfaceis assumed to be 20m. The
coordinate system apptien Figure 43 is Universal Transverse MercatorM).

Figure4-3 Specular points mapped on Google Maps

The mapping of specular points on Google Maps is useful when the receiver is
high for example for flight measurements, since it provides the posstbilkgow
the surface condition or coverage such as rivers, lakes, fields and buildings in order
to betterunderstandhe reflection results.
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4.1.3 Specular points ory plane with Fresnel zone

For some static measurements, especially when the receiver & fanymeters
high above the ground, to know only the specular point position is usually not
sufficient, the Fresnel zone coverage is sometionesial if the change of surface
condition (soil moisture or roughness) is required or the measurement ndxes to
well controlled.

Figure4-4 Specular points mapped &y plane with Fresnel zones and antenna footprint

Figure 44 hows an example of georeferencing specular pointg-pmplane
with Fresnel zones and antenna footprint. The simulated time and location are the
same as thosef &igure 43 but with the only difference of a 2 m antenna height
above the groundhe receiver projection is in the origin represented by the big red
triangle. Specular points are similar with those showhigure 43, but with their
corresponding Fresnel zones surrounding thEne antenna footprint is depicted
by the light green circleThe x axis represents the distance in meter in Vit
direction whilst they axis represents the distance in SeNthrth direction.

The antenna footprint will change accordingly if the antenna changes its
pointing direction in azimuth or elevation, which makes it useful for planning a
measurement aiming at receivirgglection signals from certain PRNSs.
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4.1.4 Flight dynamics influence on antenna gain

Unlike the staticsituation where the incident angle to the antenna changes
slightly and eventually during time, for a flight measurement, the incident angle of
the reflectedsignal to the down looking antenna changes dramatically due to the
flight dynamics in terms of yaw, pitch and radleg Figure %).

Therefore this affect should be taken into account and appopriate
compensation of antenna gain should be implemesuel as t@voidintroducing

further errors to the post processing phase.

Figure4-5 Flight dynamicsroll, pitch and yawGlenn Research Center, 2014]

The whole process of aircraft rotation in pitch) esid yaw can be considered to
be coordinate transformatioim the standard state (pitch, roll and yaw afg O
vectors of roll k), pitch ) and yaw £) axis can be defined ithe ECEF frara
given the aircraft positionAfter the rotations, new vectors &f y and z can be
obtained by multiplying the rotation matrixes, which are:

oeesa O-sim O 30 cdge O sim 8 1 e O
R(@)od%Gina coa 0RK)s=%% 1 o RE) o9 a (42
§ 0 0 18y o8ab 0 cob 5 O cay

where a, b and g represent the yaw,itgh and roll rotation, respectively.
The incident angle to the antenna is then stredfmfitard as the angle between the
antenna to the specular point vector and the new yaw axis (only in the case that the

antenna pointing direction is parallel to the yaxis).
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Thanks to the Nimbus group who has provided a test flight data covering all the
useful information including the flight dynamics, a traill of antenna gain
compensation was implemedteFigure 46 shavs the Nimbus UAV which

performed the tedlight.

Figure4-6 Nimbus UAV

Figure 47 (a) shows traces of flight projection and specular points of PRN 25.
Figure 47 (b) is the calculated incidemingles to the down looking antenna after
taking into account flight dynamics. Figure74(c) depicts theactual gain the
antenna provided for different inciderangles concerning the radiation pattern of
the helix antenna shown in Figurel3And Figure 47 (d) finally provides the gain
compensation that should be given, considering the maximum gahme dielix

antenna to be 10 dB.
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@) (b)

(© (d)

Figure4-7 Antenna gain compensation results fonidus test flight
4.2 Signalpost processing of raw data

4.2.1 Basic principles

The structure of GPS signals is briefly described in Chapter 2 and the two types
of receivers are demonstrated in Chapter The post processing is a
softwaredefinedradio approach and is all done by Matlab installed in a standard
PC. No matter which receiver was applied, recorded data were the same format of
binary raw data with sampling frequency of 8.1838MHz antermediate
frequency of 38.4MHz since the same type of frontend was used.

Typically, to process a direct GPS signal, the incoming signal must be correlated
with a locally generated replica C/A code with the appropriate phase offset and
Doppler frequency shit and thiprocess has been expressed in many literatures
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such & [Misra and Enge200]. In the case of reflected signal processing, it
becomes sometimes simpler at least for this research by now, due to the reason that
only the reflected signal power is of intsteand other information such as
navigation messages, carrier phase, delay and Doppler frequency can be€ignored

A flow diagram of thiscorrelationprocessfor 1ms (also known as coherent

integration) is showm Figure 48.

ST e

>
hd
rn

Figure4-8 Flow diagram of basic correlation process for 1ms

The raw sampled dataecollectedby thereceiver the GPS C/A code sequence
andthe inphase andjuadrature frequency vectors are all generated and sampled
over the coherdrcorrelation interval of 1ms'he code sequence (delapnsistsof
8184 samples as the sampling frequency is 8.1888z, and the frequency shift
range is set to be frorl0 kHz to +10 kHz, with 1 kHz steffhe output at each
delayand frequency bin is #éhsingle look signal power.

The flow diagram showin Figure 48 is known as serial search, it is easy to
realize buttime consuming becausegets a single value of correlation function at
each trail and the total time requiredpi®portionalto numberof bins to explore.
To speed up the processing and to reduce the corypleixserial search, theo
called parallel search is used in our practuéch is depictedn Figure 49.
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Figure4-9 Flow diagram of correlation using parallel search

The parallel search method show Figure 49 uses Fast Fourier Transforms
(FFT) to perform correlations at all delays for a gifeguency in one stef.he
operations are illustrated as following.

T A £t 0f8184samples of the incoming signal and of tbeal code is buffered

T The FFT of the sample sets is evaluated

T The transformed sequences are multiplied

t The IFFT is evaluated in order to estimate the correl@atation

tThe output of IFFT isquared in order to get the correlation power

To scan over all the steps of frequency shift, the correlation power for each
delay and frequency bin can be generated and can be showrDrfigu8e which
is the secalled Delay Doppler Map (DDM) illustrated thefollowing section.

4.2.2 Delay Doppler Maps and Delay Waveforms

The correlation power mapped in a grid including the delays and Doppler
frequencies is called the Delay Doppler Map. An example is given in Fighog 4
thepeak correlation power has beenmmalized to 1, which is seen to be the signal
power, and the surrounding blue noisy background is noise power distributed in
other delays and frequencies.
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€Y (b)

Figure4-10 Delay Doppler Map. (a) 3 Dimensional DDM. (b) 2 Dimensional DDM of (a) observed
from z axis

Delay Waveform (DW)s the returned power profile as a function of delay only,
with the frequency set to@nstant value (normally the value at the speculartpoin
A direct signal will have a sharp triangibape, as a result of the GPS correlation
process. However, a reflected signal woimetimesexhibit a spreadingh delay as
power is detected at different delays over the glistening.ZDWécan be obtained
from DDM by extracting the delay row at the Doppler frequency where the
correlation peak present-igure 411 gives an example of Delay Waveform.

Figure4-11 Delay Waveform

The red linesn Figure 411 implies the average noise flooalculated in the
region of 8 samples before and 24 samples after the peak,thileo green lins
showa regionof noise floor plus and minus 3 times of the noise standard deviation,
wherenearly all the noise powehouldfall in theoreticallyassuming the noise is
Gaussiamoise.The calculation of noise floor is used for evaluating the signal to
noise ratio (SNR) which is illustrated in Section 4.2.4.
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It should be noted that, in order to get more precise DW, the coarst §§DM
shown inFigure 410is not used directly for extracting DW.refined search DDM
is calculated by reducing the frequency step to 100 Hz (21 or less frequency steps
which are centered at the frequency where the peak appears in a coarse search
DDM). DW is further extracted from this refined search DDM.

4.2.3 Non coherent integration

As shown in Section 4.2.1, a coherent integration (normally 1 ms, determined by
the length of the GPS PRN code sequence) must be performed to get DDM and
DW. Coherentmears that the signalis processed using both its-phase and
quadrature signatomponents, with the possibility @omputing a carrier phase
angle based on these two values. However, all phase information vghiestthe
signal power magnitude is computed usitgg square of the iphase | and
quadrature (signal components, as showm Figure4-9. It is believed that the
phaseof the signal received has been observed to be unpredictable and not related
to the transmitted GP&arrier phasand he signalpower magnitude only is the
primary observable.

Generally, due to the attenuation of signal power caused by surface reflection
and the presence of fading noise introduced by surface scattering, 1 ms of
integration is not enough to get the correlation peak, catigecl ms coherent
correlations must be averagedhis process is known as the non coherent
integraton. Figure 412 shows the diagram of this process.

This necessitates that the whole process shiowiigure 4-9 be repeated over
several consecutivailliseconds of raw data. For every trial delay and Doppler
frequency, consecutive milliseconds aw@nmed together as illustrdten Figure
4-12. This has theeffect of mitigating the fading or speckimise caused by the
random scattering and resultsaietter estimate of the true signal power.
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Figure4-12 Diagram of non coherent integration over consecutive 1 ms

Carefully choosing of an appropriate non coherent integration time is important
since SNR wl be influencedby the choice of a too long or too short non coherent
integration time.There is not a defined rulgoverningthe choosing but it should
only be determined by the specific application and by its own situdtiothis
thesis, 500 ms of mocoherent integration time is used sines éxamined to be
long enough to eliminate the effects of speckle noise and short enough to have

good resolution of the surface by multiple experiments.

4.2.4 SNR and received signal power

As shown from the B/ in Figure 411, the total peak power is normalized to 1
and the average noise floor is evaluated represented by the rethinprocessed
absolute SNRthe ratio between the pure signal and the noise pgwsrshen
simply expressed as

oF

peak

’&:iﬁ (4-3)

N

where 8F_, is the absolute Signal to Noise ratio amg is the average noise

peak

value (sed-igure 413)
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Figure4-13 Average noise roorEN in Delay Waveform

The SNR of the received sigrfar a given delay and a given Doppler frequency
canbe written as:

(4-4)

ol 1) 331 9SO 1) o

I:)N

where P, and P, are signal and gise power before despreding. Ambiguity
functions sL and s represent the ,attenuation... due to power correlation
misalignments, in delay and frequenay, is the so called processiggin ©-30.1

dB) due to the dspread of the GPS/& code P, is the input noise power. This
can be expressed as

P, 0KT, B, (4-5)

wherek is the Boltzmannes constaht1.380x1023 J/K, T, isthe estimate of the
receiver noise equivalent temperature (which can be approximated as
T, 88\F @290), NF (dB) is the receiver noise figure (it can be estimated in the
range of 1.2.5 dB) and B, 04/T, is the signal bandwidth determined by the
coherent integration timd, (1 ms in our casejThe input noise power can be
approximated ask, 8= 876.31BW.

For the case of peak SNRBFE,,, the attenuation factor due to the ambiguity
function seaf 6-8)SF @ is close to 1Therefae, Eq. 44 canbe simplified and
transformedas:

dF,, B
P 6___ka g (4-6)
D
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As ok, can be calculated from DW ugj Eq. 43, B, and G, are known
parameters, the received signal powrercan be obtained.
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Chapter 5 Soil moisture retrieval and

measurements

5.1 Dielectric constant

The dielectric propeits of moist soils are important in determining the
microwave scattering and absorption by a soil medium [Dobson and, 1128§.
In general, a soil medium can be treated as a voluomsisting of vaable
fractions of soil solids, aqueotisids, and air. Soil solids are characterized by the
distribution of particle sizes (texture) and the mineralogy of thmnstituent
particles (particularly the clay fractian)deally, an eloquent model formulation
would account for the observed effects of various soil components on the complex
dielectric behavior of the seilaterair system as a function of frequency. Such
factors would include soil bulk density (compactiosdil composition (particle
size distribution and mineralogy), the volume fraction of sa@ter components,
the salinity of the soil solution, and temperatibebson, 1985]

An example of the frequency response of soil dielectric properties isnsimow
Figure 51.

There are two ways to describe the wetness of soil, which are determined by

percenageby dry weight or by volume basis,

m,6=vﬂ g Wb o (5-1)
Vt Vdry dry
m, 6= B00% a@orﬂ (% (5-2)
dry b

where W, is the weight of the water in the samph,, is the weight of the
solid part of the sampley,, is the volume of the watery, , is thevolume of the
solid part of the sampley, is the total volume of the sample, assuming équal
to the volume of the solid part as the water takes place of the air anctdoesn

increase the total volumey; , is the density of the sample mixture.
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a) b)

Figure5-1 Measured) real parandb) imaginary part of the dielectric constant as a function of
frequency with volumetric wetness as a paranj@ebsonand Ulaby 1984

Because the dielectric constant of moist soils is proportitméhe number of
water dipoles per unit volumthe preferred measure for soil moisture is volumetric
which is expressed in E§-1.

The empirical model showny [Hallikainen 1983 is usedto calculate the soil
moisture staring from the dielectric in function adefficientsdepending on the
frequency and on the soil compositions known as polynomial expressions asd
generated fore€ and edas a function ofm, for each frequency and soil type. At
each frequency, the individual polynomials are then combined into a single
polynomial thatexpressese, as a functiorof m,, SandC, whereSandC are the
sand and clay textural components of a soil in percent by weight, respedively.
few soil types with different compositions of sand, silt and clay atedli;n Table
5-1.
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Table 51 Soil texture composition of diffent soil samples

_ Soil Texture (%)
Soil Type .
Sand Silt Clay
Sandy Loam 51.51 35.06 13.43
Loam 41.96 49.51 8.53
Silt Loam 30.63 55.89 13.48
Silt 17.16 63.84 19
Silty Clay 5.02 47.60 47.38

The general form of the polynomial is,
edfa, &S 4O (P+ bD+hLdm ( £ &S BC (5-3)

Some research has been done to provide the coefficients of the polynomial
above at each frequency and shown great agreement between the megsured
and the predicted one, using Eq 53 with some given coefficients at each
frequency.

For the study of remote sensing in thdénd, we consider the coefficients in the
row of frequency 1.4 GHz. The polynomials for the dielectric constant then are,

e8842.862 3.018 &.00C )

5-4a
863.803 3-.468 ©8:34C 1)) (H9.006 GH 0BE3 [ ( )

ed06D.356 .003 ®.008 )

5-4b
3(5.507 .04 8-002 i) @7.753 B3B 626K (5-4b)

Figure 52 is the different permittivity characteristics (both real part and
imaginary part) obtaineth function of m, for different soil decomposition (Sand,
Loam, Organic, FerromagneandClay)
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Figure5-2 The dielectricconstantyversus volumetric water content fodifferent types o$oil at 14
GHz.

It can be seen frorRigure 52 that at L band (1.4 GHz) both real and imaginary
part of the dielectric constant grow with the increase of soil moisture for all the 5
types of soils.Moreover, the real part has very apparent increase while on the
contrary, the imaginary patbesnet ted to change much.

5.2 Dielectric constant retrieval through LHCP

5.2.1 Retrieval process

The retrieval process basically aims to establish the link between received
LHCP reflected signals and dielectric constant of the soil. As the dielectric constant
is strongly nfluenced by soil moisture and theeealready several mature models
which have built their relationship, such as the empirical modeHaflikainen
1985] described in the previous section, the retrieval of dielectric constant is the
key component to #hretrieval of soil moisture. For specular reflection case, the
reflected GPS signals amredominatelyLHCP [Masters, 2004]especially for
higher elevation ofatellite (smaller incident angle)Therefore, Section 5.2 only
concerns the retrieval of dieleic constant from reflected LHCP signals, assuming
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a perfectly smooth surface, regardless the surface roughness and incoherent
components.

The retrieval starts from tfandamentatheories of electromagnetic wavase
electric fields of LHCP and RHCPan be expressed as a combination of two

orthogonal linear polarizations, such as horizontal and vertical polarizations:

E, 84 |(X &%) (5-5)

E, 85 (X &) (56)

where E, and E, are the electric field vectors of LHCP and RHGRbscripts |

and r denote LHCP and RHCP, respectively. And the sdafimition of subscripts

is used in the following equation$g| and |E,| are the magnitudesf LHCP and
RHCP fields. x and y are unit coordinate vectors and represent the two
orthogonal linear polarizationglirections. In this thesis, they are fixed to be
horizontal and vertical polarizationgespectively. Since any field can be
represented by two circularly polarized compondéii€P and RHCP, the total
reflected field of RHCP transmitted GPS signal is a combination of LHCP and
RHCP fields, shown in:

ESIE|(X 3Y) |&HX |9 (5-7)
which canberewrittenin another form:
ESYE| E)x ME| |Edy (5-8)

As x and ‘)J/l represent horizontal and vertical polarizations, the magnitudes of
horizontal and vertical polarizations are obtained:

o] ] 59)
ot | (510

where the subscripts ¢f andv denote horizontal and vertical polarizations. The
equation of power density and field strength is expressed as:
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NCE=INFA (5-11)

Therefore, therelationship of power density between circular polarizations
(RHCP, LHCP) and linear polarizations (horizontal and vertical polarizations) are:

G a:é-(\/ﬁh ae) (5-12)
JR 8= (R afR) (5-13)

Our interest and measurement are in ré#dcLHCP signals, which can be
expressed as:

VRS (R &) (5-14)

where the subscript represent RHCP transmitted and LHCP received signal. The
following subscripts are defined in the form which is coherent witrepganation

of Eq. 25. The superscript denotes,received. power. Moreover, ademonstrated

in [De Roo and Ulaby, 1994fpr specular reflection, the coherent power exists

only for copolarized scattering, which means:
Pp 0= QG 03Fp ¢ (5-15)
where subscript$ and q denote vertical or horizontal polarizations aadis

Fresnel reflection coefficienfThis means that crogmlarization components of
R, and B,’ doret exist aml Eq. 514 can be written as:

R oS (R afR) (5-16)

The Fresnel reflection coefficients foh andvv are already well known as:

5ingd+/g Beos g

8 040) (5-17)

singd4/e &os g

singd+/ e &oS g (5.18)

5G40) 8=
G%0) e singdy/e &os g

where ac is the Fresnel reflection coefficieng, is the relative dielectric constant.
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g 690 8% is the grazing angle, and is the incident angle. Therefore, combining
the definition of bistatic radar equations for coherent component shguigb 26,
Eq. 28 and power density relation shown in E¢l& theequation expressing the
relation of received LHCP power and Fresnel coefficientth@ndvvis obtained:

t At 2
fa—l\/ PG Gl

a z C 2 <
Ir - > e (’A ‘87 %i?’ G h@ ‘j 5'19

Considering the specular reflection on a perfectly smooth surface, the surface
roughness attenuation expressed Qs cos/l §) can be neglected and be
approximated as 1Further, the incoherent component doegplay a role in
specular reflection and therefore the total received LHCP power is the coherent
component of LHCP (irfEq. 29, the P, component is 0). As the total received
signal power P, can be obtained by post processing showrElf. 46, the final

expression linking received signal power and dielectric constant is:

piap A& PG GI? ]
Ir S 44D(R15‘R)2 43 a( wbq hﬁ) (5 20)

where Fresnel reflection coefficients lofi and vv are given inEq. 517 and Eq.
5-18, which are functions of dielectric constant and grazing angle.

By combinng Eq. 517, 518 and 520, theonly unknown parameter is, and
it is solvable. However, the solveg is a real number indicating theoaulus of
the complexdielectric constant consisting real and imaginary parts:

e, d=dtie (5-21)

To separate the real and imaginary parts, one possible solution is to consider one
of the dielectric models, for instance the moafgHallikainen, 1985fshown byEg.
5-4a and ™b. By prechoosing the soil composition parameters S and Eqgn
5-4a and ®b, and combiningEq. 517, 518, 520, 521, 54a and b, three
unknowns of e, ed and soil moisturem, can be all solved.
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5.2.2 Fight measurement

5.2.2.1 Description

A flight measurement campaign was perfednin collaboration with the
NAV SAS group ofPolitecnicodi Torinoto acquie data from a rice field region of
Piedmont,ltaly. The aircraft and the dowlooking LHCP antenna are shown i
Figure 53. The receiver was mounted on an aircraft flying at about 700 m above
ground level at aspeed of around200 knih. The geometry of this flight
measurement is shovim Figure 54.

Figure5-3 The aircraft used (leftane) and dowrlooking LHCP antenna (right panel)

Figure5-4 Flight measurement geometry

As shownin Figure 54, The ara of the first Fresnel zone (highlightedgrey)
due to a signal received from a GPS satellite with an elevation angle of 65° can be
estimated at around 510%nfollowing the equations gien by Eq. 23 for the

evaluation of semimajor and seraminor axis @ the Fresnel ellipselhe antenna
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footprint dimension during the entire flight was estimated to be around?3 km
which is depicted by the big black ellipse arukerefore, all the coherent
contributions to the received power coming from the firstsnel zae can be
always detected.

During the flight,direct G?Ssignals were received byzznithpointing RHCP
antenna and reflectedR& signak by a nadifpointing LHCP antennd he receiver
systemconfigurationis shownin Figure 55.

Figure5-5 Flowchart of system configuration

The hardware descriptions are given in Chapter 3 and the PC based receivers
were applied.The so called,Open Loop Approachrepresented by greox in
Figure 55 is explained in Chaptef and a 500 ms of non coherent integration time
was chosen for this measurement.

A video camera for visual inspection of floodédlds was also mounted on
board the aircraft. Some rice fields were flooded duringrtbasurements, creating
an ideal scenar to study reflection signatures. Two flights weerformed: a test
flight and a final flight (denoted by yellow and red, respety, in Figure5-6).
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Figure5-6 Entire flight plan: the red box marks the o¥ienwn rice fields

In the northern portion of the flight paeshown by red ling)a lake (Viverone
Lake) was oveflown. Data taken from reflections occurring on the lake surface
were used to calibrate theceived power, since not all the system parameters
(transmitter and receiver tamnass gain, transmitted powegceiver noisg€) were
accuratelyknown. Fixing the dielectric constant of the water to be constant to 80
(in the L bandfor fresh water at 2% it is equal to 78.5Ulaby, 1986), Fresnel
reflection coefficients andpower reflectivity values were directly evaluated,
allowing the system parameterto be estimatedand corrected, especially the
receiver noise power (sdeg. 46 and Eqg. 80). The received signal power and
dielectric constant over the rice fields were then calculated and derived referenced
to the calibrated system parameters.

Prediction of the satellites in view during the flight is an important fask
selecting theoptimal flight route. The predictegkyplot was analyzed and all
satelliteswith elevation lower than 33° were discarded because, for these satellites,
the specularreflections did not fall within the LHCP nadwoking antenna

footprint (the haHpower beam width of theantenna used is about 114As an
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example, one of the sklotsevaluated for the flight is shown Figure5-7.

Figure5-7 Predicted skyplot of GPS satellites positions during the flight period

In Figure 5-7, all predictedGPS satiite positionsare shown, but only four
satellites(PRN 5, 8, 26 and 2&)roviding a potentially useful reflectiogignature
were availablewhose positions fell inside tH&g8° mask depicted by solid black

circle in the figure
5.2.2.2 Results

SNR values obtained overflying several areas are shown in Fg8rand
Figure 59. The solid line indicates the flight track, while dotted lines are the
corresponding tracks adpecular points available from different satellites. During
the overd flight, reflectionsfrom signals transmitted byRN 5, 8, and 26 were

continuously available angtovided useful reflected signatures.
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(a) (b)

(c) (d)

Figure5-8 SNR values (in dB) measured from three different availaflectionsoverflying Lake
Viverone.

In particular, reflections occurred over the lakeface and used to calibrate the
system are depictenh Figure 5-8. The bur images show the SNR time series
values (in dB) measured for each of treeful reflectedignals in view. An abrupt
SNR change in proximity to the transitibbetween ground and water noted. In
fact, during the Lake Viverone overfligistable (18 20 dB) and very similar SNR
values were observed from the three availaimals, in contrast to occasions
when specular reflection points were over land.

An example of the SNR time serieser rice fieldsis shown in Figures-9,
co-located again on the Googlaap Figures5-9 (a) to €) are repesentative of
overflight of five adjacent rice fields. For alhese figures, quantitative values of
SNR (dB)/flight height (m) are provided in the legeftds interesting to note the
high sensitivity of the receiveo different wet conditions: dynamic of 15 20 dB
is recorded. Note also the high coherency between signals acduirédo
satellites whose tracks were very close to each other (see the two specular point
tracks to the north). The change in positionadpticement of the specular
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reflection points for signals coming from the three differesatellites shown in
Figure5-9 (d) is due ¢ the variation in flight height from about 800 to 1200 m.

(@) (b)
(© (d)
(e)

Figure5-9 Processed SNR from specular tracks overflying rice fields. The unbroken line is the
projected flight path (colours provide information on flight altitude).
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Figure5-10 SNR time series superimposed onirrage taken by the eocated video camera. Yellow
inset corresponds to ground portions shown in Fige8€ls and (c)

The evidence for different soil moisture levels is providedrigure5-10. The
upper andlower images showwo adjacent images taken by the video camera
co-located to thd HCP GPS antenna. Here, SNR time series araaed and
superimposed on thenage. Ground portions completely filled by water can easily
be recognized in the imadsun glitter is evident)Reflections over these parcels
(darker in the image) are characterizeg higher SNR values in contrast to
reflections occurring over dry parcels (brighteackground in the image). The
black dotted line denotes the flight route. The gropodion within the yellow
inset is that shown iRigure5-9 (b) and (c).

On account of the calibration procedure applied to the collected datatiain
attempt to estimate relativeielectric constanivas madethrough the retrieval
methodillustrated in Section 5.2.for LHCP reflected signaldlote that the goal of
this measurement initiative was to investigate the sensitivithiseftechnique to
water changes on the ground. The flight was performed oveslakaces and rice
fields almost completely covered byater. For this reason, the effects of soill
roughness on received power were ignorAdd also the retrieved dielectric
constants were solved from equasasf Eq. 517, Eq. 518 and Eqg. 80 as aeal
value without separating the real and imaginary parts.

Results related to the ground portionhit Figure5-10 (yellow inset) and to the
wider overflown area identifiedn Figure5-9 (a-€) are shown respectivelyni
Figuresb-11 andFigure5-12 (a-€).
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Figure5-11 Estimated relative dielectric constant of the ground parcels shokigure 510 (ydlow
inset).

In this case, colors are associated with both the dielectric constartatheft
figures in thelegend) and flight height (rightand figures). The nunebs obtained
after inversion appear tbe too small. Since we were not sure of the water
saturation level of the rice fields (evdrough sun glitter evidenced the presence of
water), dielectric constants less than 80 appeéeteeasonable. Variationssfify
the absendpresence of water informatioand a good correlation between
dielectric constant values and field flooding status was obtained.

All the SNR results show to be quite sensitive to the water content of the terrain
and can readily be used detect and monitor areas where water is present or not.
Retrieved dielectric constant values are coherent with the surface moisture
condition (flooded or not) and due to the lack ebitu soil moisture measurements,
only the trend of dielectric constanhange was verified to match the real time

surface moisture and its accuracy htbeen tested.
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(a) (b)

(© (d)

(e)

Figure5-12 Estimated-elative dielectric constant of rice fields correspagdo Figure 59

5.2.3 Static measurements

5.2.3.1 Description

As described irChapter 3a more compact solution of the receiver previously
described capable to be installedlmyard UAVs was designed and develdpend
itss the Hackberry board based receivemwhat follows, preliminary results of two
test campaigns carried out from static positions will be described. In both cases, the

receiver was placed at about 3 m from a sandy teffa®.measurement geomet
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was depated in Figure 5.3

Figure5-13 Static measurement geometry

These experiments were planned in order to verify the sensitivity of the receiver
(in terms of estimated SNRs level) to different swibisture levels relative
dielectric constant values were also retrieved using the same method (shown in
Section 5.2.1) as applied by the flight measurem@&iarting from a given
condition (dry soil in the first experiment, wet soil in the second), the terrain was
moistened. In these experiments, surfdogectric constantvas also estimated
with the assumption to neglect soil roughnessd this would pradbly introduce
some errors according to the pmrfectlysmoothsurface under investigated@he
two experiments were performed during the 2013 summer (a] 11st July and b] 16th
July). The measurement setugiewnin Figure5-14.
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Figure5-14 Experiment setup in static positions using the Hackberry board based receiver

5.2.3.2 Static measurement aj

During the a] experiment, three consecutive 40 s data acquisitions were
performed. In the first time slot the terraimsvalmost dry, in the second time slot
we staréd to moist it and in the thirdet to s@king wet. Figures-15 shows the
relative positions of specular reflection poirfier each GPS satellite in vieand
wet soil area (in blue region)

In Figure 515, the black circleis the LHCP receivig antenna footprint
projectedonto the groundGreencircles are the First Fresnel zone areas related to
the first position of each specular reflection point. The wet area was between the
points related to signals comingpsin GPSPRN 24 (black dots) anBRN 15 (green
dots). The variation of the position of the specular points is shown with a sample

time of 5 min, (the bold dot corresponds to the first specular point).
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(a) (b)

(©)
Figure5-15 Relative positions of specular points and wet soil area for the a] experiment. (a) First time
slot: dry soil, (b) second time slot: wet soil, (c) third time slot: soaking wet soil.

Figure5-16 SNR time series of a] experiment, red line indicates signal from PRN 15 and green for
PRN 24

Figure5-16 shows the SNRs time series. Data fnatime intervas in which the

soil conditions were changed are nbown. During dry soil contion, SNRs were
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low for both signals, while they were increasing cohdyemiith the terrain
moistening.A good sensitivity of the receiver was reached, as it can be obtained
from the data showim Table5-2. Thestatistics showed good complementarities of
figures (in terms of mean values plus corresponding standard deviation) related to
the three soil conditions. Changing from 'wet' to 'soaking wet' conditions, the area
of interest was increased a lot. In the fwete case, the First Fresnel Zone related to
the PRN 24 reflection was entering into the wet area (a mixture of dry/wet
conditions was present). In the fsoaking wete case, a bigger wet angeseas in
particular toward$?RN 24 points(see Figure 515 for reference) This can explain

the higherSNRs change estimated for tHeRN 24, in comparisorto the one
characterizing th@RN 15.

Table 52 Statistics of observed SNR value (data are in dB) for the a] experiment

DRY WET SOAKING WET
median -7.07 5.10 7.72
PRN15 mean -6.87 4.91 8.05
std 0.86 1.48 0.88
median -7.05 1.71 8.92
PRN24 mean -7.06 1.72 8.82
Std 0.53 1.50 1.08

The retrieved dielectric constant from averaged SNR in each time slot is
presentedn Figureb-17.

Note here tht in Figure 517, the obtmed dielectric constant was retrieved
directly from calculated SNR without the calibration as done in the flight
measurement. Therefore, possible wrongly evaluated system parameters such as the
receiver noise will influence the final accuracy of the rissuflowever, as the aim
of the static measurement is to verify the receiver sensitivity in terms of SNR, the
retrieved dielectric constant is mainly used to check the dielectric constant
variation caused by SNR sensitivity to different soil moisture, dswl @due to the
reason that it was not well controlled and theita measurement of soil moisture

was missing, the results are shown as a reference and supplement. Anyway, the
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changing trend of dielectric constant sholmnFgure 517 is seen tde matchd

with the SNR behavior shown Figure 516, except for the third time slot, where

the dielectric constant difference between PRN 15 and 24 is much larger that the
SNR differencelt is because that the relationship between dielectric constant and
signalpower exressed by Eq.-20 for the retrieval from LHCP reflected signals is

not linear, which leads to an amplification of dielectric constant difference in
higher SNR value region.

Figure5-17 Retrieved dielectric constant from averaged SNR in each time slot
5.2.3.3 Static measurement b]

The b] experiment was very similar to the first one. But, ia tase, the data
acquisition was started with wet soil condition. In the second time slot, the wet area
was increased moistening close to the boundary, and finally, in the third time slot,
water was added into the overall aréggure 5-18 shows the estimated specular
point positions (in this casagnals coming from thBRN 25, reddots andPRN 29,
yellow dots, were analyzed).
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(a) (b)

(©

Figure5-18 Relative positions of specular points and wet soil area for the b] experiment. (a) First time
slot (b) second time slot (c) third time slot.

Thecorresponding SNRs time series areorggd in Figureé>-19.In the first time
slot, reflection points of satellit¢’ RN 25 were on the boundary of the wet area,
while the Fesnel zones of the satelliRRN 29 was falling in the completely wet
area(seeFigure 518). During the second time slot, the wetanmas increased
mostly towardPRN 25 reflection points maintaining the previous moisture level all
over the other portion of the wet arglae SNR values associatedR&N 29 signal
reflections were not sigficantly varied). This explains the strong increase of SNRs
of more than 10 dB, a similar result was obtainednduthe a] experiment for the
PRN 24 case. Finally, during the third time slot, more water was spilled in the
overall area. In this case, an increase of SNR was flmuride PRN 29 signal only.
The statiics figures povided in Table5-3 demmstrate again that both the
reflected signal rrd the receiver seem to be enough sensitive to variations in the

soil moisture.
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Figure5-19 SNR time series of b] experiment, red line indicates signal from PRN 25 and black for
PRN 29

Table 53 Statisticsof observed SNRalue (data are in dB) for th#® experiment

DRY WET SOAKING WET
median 2.05 15.19 12.72
SV25 mean 1.89 15.13 12.75
std 1.10 0.27 0.76
median 8.12 8.57 12.21
SV29 mean 8.26 8.76 12.14
std 1.56 0.65 0.58

Similar with the a] experiment, dielectric constant was also retrieved and shown
in Figure 520. Similar comments can be made Figure 520 as dne b Figure
5-17, dielectric constant generally reflects the change of SNR (for the same
incident angle), but is examined to be less sensitive to SNR change when SNR is
lower and vice verse.
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Figure5-20 Retrieved dielectric constant from averaged SNR in each time slot

5.3 Dielectric constant retrieval througbross polarization

ratio

One of the first studies about using cross polarization ratio for soil moisture
remote sensing was carried oyt [Zavorotny, 200(a)], showing that the ratio of
two orthogonal polarizationsfyvv or Ih/rh) does not depend on sack roughness
and is sensitive to the soil moisture content.

A recent research donky [Egido, 2012] o applied both receptions of
reflected LHCP and RHCP by a piece of agriculture figlde field was divided
into two independeny cultivated fields andhe reflectivity of LHCP and RHCP
from each field was averaged and recorded everyday during an entire crop growing
season. As the two fields were worked and plowed in different ways for different
crops, the roughness of these two fields was differenhguwrertain periodsThe
reflectivity for single LHCP or RHCP was examined to be dependent on soill
roughness and sensitive to roughness changes, but the ratio of LHCP over RHCP
reflectivity showed to be independent of surface roughness and sensitive iwith so
moisture changes.

Therefore, the study of cross polarization ratio draws our interest and it could
utilize the same system structure as described in the previous static measurements,
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except that an additional RHCP antenna plus one receiver is neededdwing
both reflected LHCP and RHCP signals simultaneously. The system configuration
is shown in Figure 21.

Figure5-21 System setup for cross polarization of reflected LHCP and RHCP measurement

As shown inFigure 521, LHCP and RHCP antenna are fixed close to each other
and pointing to the groun&ach antenna is connected with a SiGe frontend which
is further connected to one PThe data collection is done concurrently for LHCP
and RHCP. Eachigce of data (LHCP or RHCP) is post processed by the approach
explained in Chapter 4 in order to get SNR time sefias.remaining work is left
to the derived dielectric constant retrieval algorithms shown in the following
sections. However, due to thepuadictable problem of these two antennas, no
available data were obtained by now, but the simulation results of retrieval
algorithms are given in Section 5.3.4

5.3.1 Power and bistatic radar crassction

Radar cross section, as a scalar number, is a fundtithre golarization of the
incident and received wave. A more complete description of the interaction of the
incident wave and the target is given by the polarization scattering matrix (PSM),
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which relates the scattered electric field vect®r to the incident field vectorE' .
As E can be decomposed into two independent directions or polarizations, the
polarization scattering matribxsis a 2 x 2 complex matripfnott, 2004]:

O] glﬁl S 35115‘

% S8, s &

where E° and E' are the scattered and incident fields, each with independent
vector componentsE, and E,. The components oS are related to the square
root of cross section [Knott, 2006]:

Sj

. 0=
5 R

(5-23)

where R, is the distance between the target (scattering point) and the receiver as a
geneal definition in bistatic radar equationscbuas in Eq. &5, Eq. 26, and the
sattering coefficientS is therefore a measurement of scattered field at the
receiver with respect to its incident field right before scattering tapiace. /s
is recognized as a complex number that can be described through a certain
amplitude and a certain phase. In circular polarization, the electric field vector
rotates in the plane perpendicular to propagafloansmittedcircular polarization
can be defined in terms of horizontal and vertical polarizations, where circular
polarization circulation view is from an observer located at the transmitter [Knott,
2004]:

& o= % (5-24)

g g@ 04 o
where the superscriptienotes,transmitted.. The inversdransformfor transmitted
linear in terms of transmitted circular is obtained by taking the matrixsevarEq.
5-24:

g, oulod 1 &ITB(

I\

5-25
B e (5-25)

Received polarization can also be defined in a similar way, exbapttte
LHCP and RHCP definitions change because the viewer is now looking in the
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direction of propagation, which is from the target toward the receiver and the radar
system has defined LHCP and RHCP as looking away. Therefore, the similar
expression as Er-5 and Eq. 5 in matrix is:

O oul ok ] od

£ S2% ot % &2

The circular polarization PSM contains no mor@rmationthat the linear PSM.
If one has computed or measured a linear PSM, the corresponding circular PSM
can be obtained by g Eq. 524, Eq. 525 and Eq. 26 to get:

ade o0 ofpoe » ladl

gg $ %%@ 5i 3986 5 addipr (5-27)

Eq. 527 canbe expandedhto:

& S §a<§sé 9GS 38 (.5 3B (84S )8
% 2 ($8+9) o6S ® (.S B (35S )8

The crosgolarized scattering coefficient  is zeroby neglecing the multiple

(5-28)

scatteringand by considering only the first order of bistatic scattering coefficients
This assumption holds for the 3 models of KGO, KPO and SPM, for scattering in
the specular direction (see Section 5.3.3 for detailed expressions) [Ulaby, 1982],
[Ticconi, 2011]. These Bodels have been introduced in Chapter 2, and are used to
derive the retrieval algorithms for different surface roughness conditions. Under
this assumption and simplification, the conditier), 8s , & can be obtained, and

by considering Eg5-23, Eq. 528 can be simplifieds:

0 ¢ 1 (Hé-R) (RO

% s 9B (85 (5 69 (>29)

Taking the two elements &f andrr which are of our interest, and cbming
Eq. 523, the equations of radar cross section of circular polarization expressed by
HP and VP radar css sections are:

5. 02w @) (5-30)
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5. 850w &) (5-31)

The remaining problem is to relate the power density ahdrr which are our
key outputs from pogprocessing to the radar cross sectionkloandvy, for the
reasonthat these two radar cross sections have been extensively studied and
modeled by several different scattering models such as KGO, KPO and SPM as
mentioned in Chapter 2. Apphg Eq. 522, for the LHCP and RHCP scattering the
PSM is expressed:

aES as, 5 s

' 508 5 &S &3

In our specific GNSSR case, incident LHCP electric field doetsaxist since
the GPS satellites only transmit RHCP signals, which is:

E 59 (5-33)

Therefore, the scattered fieldslofandrr are given by:

E; 05, E/ (5-34)

E; 05 E (5-35)

Recdling Eq. 511, which expressed the relationship of power density and
electric field, and taking into account EG38 and Eq. 85, scakeredIr andrr
power density has these expiess:

7 54517 526)
SN (527)

Note here that the scattered powet is the power density at the receiver point
but before being received, incident power is the power density at the scattering
point. Therefore, power after being received by the receiver is:

21
P 61O ps (5-38)
4p

Ir
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21
P ot P (5-39)
4p

where | is the wavelength ands" is the receiver gainThe incident power is
related to the transmitted power by:
: G
R 5?@ 5 (5-40)
where G' is the transmitter gain and® is the distance between transmitter and
scattering point. Connecting these equations showEqg. 536 to Eq. %40, the
receivedr andrr power with respect to transmitted power can be expressed by:

Irr B:G‘tgsl—thl r (5'41)
(4p)R°R

r _GtGrI 2$ rr| (5_42)

" (@)PRR*

These two equations have similar form as the general bistatic radar equation
shown by Eq. 24, except that the bistatic radar cross secsonis a complex
number here and has to bwade modulus. This similarity has proven the
correctness of retrieval process up to this point. Now that the relationships of
circular polarization radar cross section and radar cross sectionarfd hh are
given in Eq. 530 and Eq. 81, thesquare root of the ratioebveen R° and P;
are made and expressed as:

Nt \7@ Vo 34 | _
G 2 NI &9

Now, the link between the creg®larization power ratio and radar cross section

of hh andvv has been established®’ and P, are the power measurements that
can be achieved from signal processisg, and s, are radar cross sections of

hh and vv which depend on dielectric constant, incident and scattered angles,
surface roughness parameters in terms of statistical properties of surface height,
and are given in different ways for different models and surface roughness
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conditions.However, generajl the surface roughse parameters are polarization
independent and are unique fdr andvv polarization statefZavorotny, 200@a)],

[Ulaby 1982]. The mtio shown in Eq. B3 can eliminate the surface roughness
effect and leave only the effect of dielectconstant and scattering geometry,
which makes this equation much easier to be solved and makes the cross
polarization measurement roughness independent.

Another noteto Eq. 543 is tha P°* can represent the power scattered by a
signal scatterer know as a facet and the correspongling therefore the radar
cross section of this scatterer. @ can be defined as the total scattered power
and in this cases is seen as an average value over the dilitirrinatedarea- the
glistening zone. Thus,«#& convenient to introduce the concept of the normalized
radar cross section, which is defined as:

S 6{%> (5-44)

where s ¢, is the normalized or averaged radar cross secsqy, is the radar
scattering cross section of tih scatterer, andsp is the small scattering area
associatedwith the reflecting facets of theisth scaterer. The symbol ( )
represents the averaging procd$snce, the radar cross section can be given in the

form of the product of normalized radar cross section and the illuminated area:

S g 05 A (5-45)

where A is the total illuminated area, ianotherword, the glistening zone in
GNSSR geometryTaking Eg. 545 into Eq. 543, we dtained this relation:

JR N otk
RN TN

Up to here, the power ratio of cross polarizatlwas linked to the normalized

(5-46)

radar cross sections @¢th and vv. The evaluation ofs° is difficult since the
scattering geometry changes by means of incident and scattering angles with
different scatterersdowever, the special caséd sg .., in the specular direction

can be used tsubstitutethe normalizeds ;, in Eq. 546 as ggood approximation,

-82-



Politecnico di Torino PhD HAesis

due to the reason that the specular point locates almost in the geometry center of

the glistening zone. Ang, ., should be proportional t@ ;,, theratio operation

ap?

made byEqg. 546 will cancel out the differencbetweens and s and

ap(speg

remain unchanged by substitutirgf, with sg .., .In this case, the scattering

ap(speg *
geometry shown byFigure 25 turns out to be:q 6%, and j, =, &. This
assumptionextremely simplifies the retrieval process for different scattering

models which are shown in the following sections.

5.3.2 Retrieval process for specular reflection

Section 5.3.1 only deals with incoherent components caused by diffuse
scattering, and the retrieval results have shown to be roughness independent.
However, this cross polarization power ratio method can also be used to specular
reflection case, even witthe attenuatiorfactor due to slight surface roughness,
without the need to neglect the term efpd&dfps cos /! d) , as what has been done
in the retrieval process of a single LHCP shown in Section 5.2.1a3hanption
of a perfectly smooth surfaeesed in the retrieval in Section 5.2.1 is limited, since
mogd of the time the surface height distribution doessatisfy the Rayleigh
criterion as shown in Eqg.-20, and i would cause errors for the retrieval of
dielectric constant for a ngperfectlysmooth.surface.

Similar with Eq. 519, the received power ofr polarization P, can be
obtained:

1| PG Gl? | Oéags
r6=_
" 2J4p(R16+R2)2 » \/ o 3 il 48 647

The term expQ8dtps cos /I 8 is identical with that inEq. 519, since i#s
defined by Eq.2-8 and is the same for botihh and vv polarization statesBy

making a ratio between Eq:1® and Eq5-47, the cross polarization power ratio is
directly linked tohh andvv Fresnel refledon coefficients:

JR' 366 prd
Jr CBbG b0 &49

where ac is the Fresnel reflection coefficient givdsy Eq. 517 and Eqg. 88.

Similar to the solving of Eq.-30, dielectric constant can be solved through Eg.
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5-48 as areal number. In order teeparatehe real and imaginary part aof , the
[Hallikainen, 1985] model can be applied, and togehdr Eq. 54a, 54b and Eq.
5-21 the complex e, can be obtained for a certain known type of soil.

5.3.3 Retrieval process for diffuse scattering

In this section, three most used scattering models are studied and their
expressions of radar cross sections are especially focusedheny. are the
Kirchhoff Approximation in stationarphase approximation (Kirchhoff
Geometrical Optics, KGO), Kirchhoff Approxirian in Physical Optics
Approximation (KPO) and Small Perturbation Method (SPMjese three models
are representative since they cover different surface roughness conditions in a big
range.

5.3.3.1 KGO

The validity limits of KGO model used for Gaussian surfaced 82, where
k is the wave number and is the standard deviation of surface height, as has
been defined in Section 2.3.1. Therefore, KGO is generally used for moderate to
rough surfacesThe general reflected bistatic radar cross section for HP or VP is
definad by [Ulaby, 1982]:

&q\qu\éa) ¢, dos
Sap 20;s 2r 6(@‘)|¢ @2q§ 4 (0)d

where the only polarization sensitive parametetjs, the other parameters are

(5-49)

roughness parameters which can be canceled aftagtikj. 549 into Eq. 546:

JR Junlow. (550)
NI

Using the equadins given in [Ulaby, 1982] fo U, and setting the geometry

parametersg, 8¢, and j, §=, & (see Figure 25), the U, for each polarization
state is obtained:

U] 852 cosy * ¢ (5-51)

U,,| 88 cosy * §f (5-52)
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Uy |80, & (5-53)

where &c is the Fresnel reflection coefficient with the same form asrgin Eq.
5-17 and Eqg. 8.8. Cross polarization termg,, and U, are 0, which indicate
that sy, and s are O for KGO model in the specular direction. Using E§15
and Eq. 552 to Eq. 550:

PIrr _Uaﬁ| b-l\-lvw
VT 5 :
Jr oGl B &>

The similar result is gotten with the specular reflection conditionvehay Eq.
5-48. The only difference between Eg:58 and Eq. 58 is that in Eq. 8!8 the
final ratio doesnsthave a modulus operation. However, these two equations are

equal since |6G| is always greater thafsg for different grazing angles and
different e , as shown by theimulationin Figure 522.

Figure5-22 |8(3| and |[8@| in function of incident angle and dielectric constant

As shownin Figure 522, |6G| always precede$s for any incident angle
and any dielectric cotent valueThe dielectric constants, used in the figure are
real numbers for the simplification of the simulation ranging from 3 to 29 with
interval of 2, and it can be seen as thedulusof the complexe, where the real
part plays the dominant rol&nother point that should be paid attention to is for
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each e , thevv polarization turns to be O at a certain incident angle, which is the so
called Brewster Angle. Lower than this amg|dG tends to decrease whilgg|

always grows with the increase of incident angle.
5.3.3.2 KPO

The validity limits of KPO model used for Gaussian surfaceksssd and
ma&<9.25 (the rms of slope, see the definition in Section 2.3.1). This KPO model is
therefore used for less rough surfacBse incoherent part of bistatic radar cross
section is [Ticconi, 2011]:

| s ) ot
s 0 o3Jfy | KI/ 28) e 5Me T (5-55)

The polarizatiordependent coefficieng can be foundn [Ulaby, 1982. The
expressions of the coefficierd, are reported below for the specular direction
which are the key parameterEq. 555.

For hh polarization:

a, 0=8- 0@ ) cog, (5-56)
For vv polarization:

a, 02 (@, )co; (5-57)
Forvh andhv polarization:

a, 09 (5-58)

where q, is the incident anglec is the Fresnel reflection coefficient given in Eq.
5-17 and Eq. 818. The coefficienta, is 0 for cross polarization dfv and vh,
which again shows thas,, and s; are 0 for KPO modein the specular
direction. Taking Eq. &5, Eq. 556 and Eg. %7 into Eq. 546:

JR" oGl B
5 59
NCXR TR =59

The same result comes out ageg by Eq. 554.
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5.3.3.3 SPM

The SPM is applied with a surface height standard deviation much less than the
incident wavelength (5 percent or less) and an average surface slope comparable to
or less than the surface standard deviation times the wave number. For a surface
with Gaussiancorrelation function, such two conditions can be expressed
analytically as [Ticconi, 2011]ks 89.3 and /2s /1 80.3. Therefore, the SPM is
used for slightly rough surfaceBhe bistatic radar cross section is already given
Eq. 215, 216, 217 and 218. The only parameter that depends on polarization is
a,, and the other surface roughness parameters are canceled w@kinigy Eq.

2-15, 216, 217 and 218 into Eq. 546:

ﬁé_uahhwbvv” (5-60)
N W

where a,, for different polarization state can be calculated in specular direction

considering the geometry parameteysg, and j d=_, & through expressions
provided by{Ulaby, 1982]:

_ ote, &)
a, 8 (5-61)
6€osq otle, it qaa)
s (e, 8)0¢ i’ q @& sirf o 562)
6%, cosqdy/e &irf qaa)
ahv 6avh @ (5-63)

CombiningEq. 563 and Eg. 215, we haves,, ds; & for SPM in specular
direction. Dielectric constant can be solved by putting EGL &nd Eq. %2 into
Eqg. 560.

5.3.4 Conclusions on cross polarization ratio retrieval

In Section 5.3, the retrieval of dielectric constant based on the power ratio of
cross polaeation is established for both specular reflection case and diffuse

scattering case. Final expressions for these two cases are similar in the form of:

-87-



Chapters Soil moisture retrieval and measurements

Errézf @a.e) (5-63)
where f represents a function that is onlgpendent on incident angle and
dielectric constante,, the roughness effect is totalyiminatedno matter what the
form it is. The function f has the same expression for specuddlection, KGO
model and KPO model given &%. 548, Eq. 554 and Eq. %9, whilst f is
expressed differently for SPM.

In the retrieval, two most important approximations are uskd.first is to use

s to substitite s, in Eq. 546, whid makes the whole retrieval simplified.

ap(speg
Based on concerning only the scattering geometry in the specular direction, the
cross polarization components of bistatic radar cross sections for all réee th
scattering models KGO, KPO and SPM are all calculated ag @a, &, which
has proven the other approximation during the simplibcafrom Eq. 528 to Eq.
5-29.

For the solving of the complex dielectric constant for the thre¢esice models,
the same approach can be applied as has been used to the specular reflection case:
addressing the empirical dielectric constamtde given by Eq.8a and Eq. 8lb
described in Section 5.1 and choosing appropriately the soil composition
paraneters of S and C, the real and imaginary part @f and also soil moisture
m, can all be solved. However, this is only one of the possible solutions, there are
many widely used dielectric constant models and the only problem left is to choose
a proper one that is fit for solving the equations.

Simulations of cross polarization powatio in function of soil moisture content
for SPM and other models are made and shown in Figt#®. $he dielectric
constant model of soil moisture applied the empirical model by [Hallikainen, 1985],
and totally five different soil types are considesedlisted in Table 8. For each
soil type, 4 incident angles are simulated?, 13, 45° and 60, and both results
from SPM model and other models are plotted in the same figure, since the
expressions of the power ratio of cross polarization for specafiection and
KGO / KPO scattering models are identical except for the one of SPM.odssh
in Figure 523, for each soil type, the SPM results are overlapped with the results
of the other models, which means that the retrieval algorithms applying SPM
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model generate the same results with the other models and therefore, all the
retrieval algorithms are uniformed no matter what the model is used and what the
surface roughness i$his is an important conclusion which enables us to retrieve
dielectric consint using the cross polarization method without considering the
surface roughness and which model that should be us#dthe retrieval
algorithms have lead to a uniquaigion as shown by Eq-59.

For a given soil moisture, the cross polarizationver ratio increases with the
decrease of incident angdk has to be noticed that, the description is correct only
when the incident angle is smaller than the Brewster Angle, heraitlimum
Brewster Angle is about 80With the same incident angle, icabf Ir/rr is shown
to be sensitive with the soil moisture content, it has a changing range of about 6 dB
to 7 dB from a dry soil (5% moisture content) to a wet soil (30% moisture content).
These results are coherent with the results goyejZzavorotny,2000a)].

Finally, simulated results among different soil typesetidiffer much between
each other except for (e)sdtbecause that for the Silty Clay condition shown by (e),
the sand percentage is much smaller than the other types of soil whilstyits cl
percentage is extremely high comparing with the othensd these two
compositions strongly affect the dielectric constant value. Therefore, for a
nonhigh-precisionretrieval process, the only knowledge needed for the measured
soil is whether itortains more clay or morsand.If the answer is clay, then apply
the dielectric model for (e). For the other conditions, whatever the dielectric model
is chosen among (a) to (d), the retrieval results tend to be similar without much

difference.
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() (b)
(c) (d)
(e)

Figure 5-23 Sensitivities of power ratio df/rr to the soil moisture content for
different types of soil: (a) Sandy Loam, (b) Loam, (c) Silt Loam, (d) Silt and (e)
Silty Clay.
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Chapter 6 Buried object detection and results

6.1 Theoretical background and introduction

As has been illustrated in Chapter 1, GNS&chnique has been widely studied
as a remote sensingethod for various applications, such as soil moisture retrieval,
snow depth detection, ice topography and depth monitoring, vegetation coverage
and so on. Anew application based on the possibility of detecthreypresence of
an object on the terrain ougt under itexploiting the penetration capabilities of
electromagneticenergy within the soil, which are inversely proportiot@althe
carrier freqiency, is analyzed in thishapter One current application is in the
military field, in particularto detect the presence of improvised explosive devices
(IEDs) andpressureactivated mines. Mines and IEQse often hidden on the
terrain or inside the vegetatiam are buried within the first few centimeters below
the surface, since their devastating effeclepend of coursen their insertion
depth.

L band signals (GNSS carrier frequencies are withis band) are not impacted
by atmospheric attenuatioand normally have a good penetration through
vegetatim [Wang, 198D At 1.5 GHz, the penetration deptharies from
approximately 10 cm to 1 m for soil condition rangiingm saturated to dry. In
practice, the L band sigheaninteract with the first 10 cm, depending on the soill
moisture level and incidence directioNjpku, 1982] [Njoku, 199§. In partiaular,
in the case of almost dry soil, the penetratiepth of active systems like GPS or a
SAR was found tobe around 10 cmLprson, 201D or 7 cm Nolan, 2003
respectively.The penetration deptin function of wavelength for different soil
moisture corgnt given by [Njoku, 1996] is shown in Figurel6
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Figure6-1 Penetration depth in function of wavelength for different soil moisture content [Njoku,
1996].

In Figure 6-1, the wavelength of 20 cm which is the GPS L1 wavelength is
marked with a vertical line intersected with the penetration depths curves for
different soil moisture contenfccordingto Figure 61, for passive L band remote
sensing, theenetration deptkiaries from 10 cm to 1 m dependiog whether the
soil is wet or dry. These values argperbound values that can be used when the
soil ishomogeneous, as in the casdld static measurements shown in Chapter 5
(dry or wet sand). With a neaniform mosture profile, a fsoihoisture sensing
depthe definition Njoku, 1996 could be usednd its approximation of one tenth of
a wavelength inhe medium would lead to less than 2 cm at 1.4 Gildavever, the
penetration depth is strongly influenced the sol density, soil moisture, and
composition, andmany models of soil can be considered and more realistic
evaluationcan beperformed.

The dielectric properties of wet soil have been stutigdeveral authors (e.g.
[Wang, 1980][Dobson, 198B. These propgies depenadn water content and soll

texture and on the carrier frequerafithe signal used for monitoring purposes. The
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high dielectric constant of water significantly increalseth the real and imaginary
parts of the soil's dielectrmonstant as theater volumetric concentration increases.
The dependence on soil type (or ftexturee) istdube different percentages of
water bound to the surfacé the different particles characterizing the sBibund
water particles exhibit less freely molecutatationat microwave frequencies and
hence are characterizeg smaller dielectric effects than the free watethie pore
spaces. This is most evident in clay soils, whielve greater particle surface areas
and affinities for bindingvater molecules ankdence are capable of holdiggeater
percentages of bound water. The dependendeetdctric constant for a sandy soil
on the signal carriefrequency is reporteth [Njoku, 1977 (seeFigure 62). The
real part is almostonstant below 5 GHz, while thenaginary part isstrongly
frequency dependent. As reported Wjdku, 19986, this frequency dependence can
be taken into account consideritige penetration depth which depends on the
moisture volumetric concentration and on the wavelength. At tHe carier
frequency of the GPS signal (1,575.42 MH®netration depths decrease from 1 m
to 10 cm, from drysoil to 30% water concentration. The penetration defgb
depends on the elevation angle of timeident microwave Since the nadir
incidence is the dst case, in our experimentBe antenna boresight was aligned

very close to the naddirection (approximately 5° off the nadir).

Figure6-2 Dielectric constant behavior (real and imaginary part) in fanaif frequency for
different moisture contents [Njoku, 1977].
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For the detection of mines that are hidden inghgerficial layer of the ground
(explosive devices are hidden the first few cm below the surface in order to
make their devastating effed@s effective as possiblahis penetration capability is
enough. Generally, complicatathd expensive devices are used to detect explosive
objects Perrin, 2004], [Frezza, 20Q/most of them work very well, but theyeed
the human presence on the fisddnove thaletector.

In this research the capability of GNS® signals to detecburied metallic
objects is investigated through thee ofthe Hackberry board baseekceiver. This
receiver is relatively light and can be mounted on baangmotely conbilled
unmanned aerial vehicle (UAVhus avoiding the human presence in the fi€lte
second measurement campaign involved inddéterminationof objectdimension
applied the PC based receiver. Eitrereiverwas connected tolaHCP antenna to
collect signals reflected from thground. Surface roughness was not taken into
accountand the reflected signal power was estimated considerhg coherent
power. The openrloop approach was usddr deriving SNR time series relatetb
the reflected GPS signads been explained in Chapter 4.

A couple ofmeasurement campaigns wegaried out with and without a metal
object(a metal platge The first measurement campaign descriinetthis work was
performed in static conditionsn sandy terrain to check the fuioctality of the
systemand the sensitivity to the presence of thetal obstacle. In the second

measurement campaighge antenna moved along a given path, mimickifigylat.
6.2 Buried object detection measurements

In this section, the results of two expeents performedduring the 2013
summer season are discussed:

A. Piazza d'Armi, Turin, ltaly, 16 July, 2013, antenna & static position,
Hackberry board basedceiver, sandy terrain

B. Montoro, Avellino, Italy, 22 August, 2013, movingntenna, P®ased
receiver, grass terrain

Both the experiments were carried out considering &éarget a circular metal
disk (28cm diameter) object. Thdimensions of this object are comparable to
those of anmprovised explosive device or a pressaotivablemine.
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Evely measurement was carefully planned using the georeferencing program
described in Chapter 4'he antennaised waghe commercial antennghown in
Figure 314. It is an active L1/L2 RH/LH antenna (PA261215) characterized by
a HPBW of 14° (maximumgain 35 dB). In the static measuremenhet antenna
was fixed on a plastivood structure in order to perform the measurements at a

constant height (3 m) from the ground and in far faddditions.

6.2.1 Piazza dArmi experiment

This experiment was performedander to evaluate theensitivity of the system
to the presence of a metal objedtove or just under a dry or a completely wet
sandyterrain (the metal plate was buried 5 to 10 cm understiréace). The
Hackberry board based receiwveas used. Thantenna was mounted at 3 m height
from the ground omop of a wooden rod fixed to a static tripod. The antdyesm
axis was moved 5° away from the nadir positiowrder to avoid interference with
the tripod structure andavith the receiver itself, whictwas fixed to the same

wooden rodseeFigure6-3).
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Figure6-3 Experiment A: Static measurement setup. Tripod and woddupport for the receiver
and the antenna.

The experiment geometryas carefully dagned considering the prediction of
the specular reflectin point positios (see Figures-4). The positions ofeach
specular reflection poinwere plotted in the-y plane mapwith a sampldime of 5
min for an overall experiment length 9 min, are show for each reflected signal
(coming from different GPS satellites). Blue ellipses depict fir& Fresnel zone
boundaries evaluated from geomefoy the first specular point of each series
(identified bythe bold colored specular reflection point). Theeanafootprint is
defined by the black line. The plot showlsstances in meters, considering the
receiving antenngink dot) in the origin of the reference system.
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Figure6-4 Experiment A: Prediction of reflection points on-§ plane

The Google Maps is showim Figure6-5, while the estimategbositions of the
specular points are shown Figure6-4. The samm@ time of each point ifrigure
6-4 was5 min, and 10 positions fagach specular reflectiopoint were plotted,
based on predicted orbits.

Figure6-5 Experiment A: Prediction of reflection points on Google Maps

We started the simulation at 2:40 p.m., and we endeg@ridction after 50 min
(10 different specular reflectiopoints are therefore shown). The experiment
started at2:55 p.m. and lasted 20 min. This means that the prediefézttion
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point positions during the experimeate from the third to the eighth poifthe
Fresnelzones should be shifted). Five continuoussd@w dataime series were
taken, and the configuration of the targetd of the surrounding terrain was
changed (leavinghe metal plate always in the same position with resteethe
antenna'’s @resight). In particular, the followinfive time slots were considered:

Al - from 2:55 to 2:56 p.m. (local time), the metaliilate was placed on dry
soil far away from the expectdidst Fresnel zone.

A2 - from 3:00 to 3:01 p.m., the metallic plate wasnoved from the antenna
footprint.

A3 - from 3:09 to 3:10 p.m., the metallic plate wasgied under the dry soil.

A4 - from 3:12 to 3:13 p.m., the metallic plate wdaced on dry soil.

A5 - from 3:14 to 3:15 p.m., the metallic plate wagied under conlptely wet
soil.

Figure6-6 Experiment A: SNR time series for PRN 25

The five SNR time series coming from GPERN 25 (the satellite interacting
with the metablate, as shown iRigure6-6) were connectednd theoverall trace
is shown inFigure 6-6. For each time seriesome statistical indicators are
summarized iMable6-1. The first two measurements (Al and A2) were performed
to verify the correct operation of the software receingerms of datacquisition.
In the first one (Al)the metal plate was not inside the first Fresnel zondt luats
in the antenna footprint. Therefore, the SERimate of +2 dB (mean value) also
takes into accourgome of the power scattered out from the speculactdireby
the metal plate. During the second time $Ai2), the object was removed, but an
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unexpected everdccurred in the receiver hardware around the 28@thple. In
this case, a more realistic statistical figuretfoe estimated SNR would be around
"1 dB (also the stfigure shown in Tablé-1 is not representative). The presence
of the metallic plate over dry soil (A4) or just buriadder it (A5) produces a
significant increase in theeceived power (from aroundl dB without any object

to 5 or 7 dB. This increase in the SNR should be produgsgdhe metallic object
only, since the ground ithe (coherent) Fresnel zone (and in the noncoherent
glistening- zone) did not change. In conclusion, in tese of dry terrain, where
the penetration depthllows more electromagnetic energy to reach the metal plate
and to be reflected back towards the receiver, a geoditivity of the receiver was
observed. In fact, a level &1 + 1 dB was measured when the metal plate was
buriedunder the sand, while ¢éhe was a stronger 6.9143 dB when it was simply
placed above the sand.

Table 61 Statistical characterization of the SNR estimates of Experiment A

A noticeable increase of a further 5 dB was observetidrcase of completely
wet sand (A5). This higer contributionto the received power is probably due to
the increasef the dielectric constant of the terrain due to the preseheeter.
Several experiments were done before (but not repbees), but in all of them,
the increase of the real past the dielectric constant due to the water content
stronglyimpacts the detection capability of the receiver.

6.2.2 Montoro experiment

Since the received signal was proved to be sensitivieuioed object detection,
in this second experiment, te@aluation ofthe dimension of the metal plate was
investigatedby setting up a moving experiment. A kind simanned aircraft
System (UAS), flying 2.5 m over a 6 strip of terrain, wa simulated as shawin
Figure6-7.
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Figure6-7 Moving measurement setup for experiment B

Two plastic boxes forming the receiver support wiereed together and fixed
to two pulleys between twérees on the terrain. A cable allowed the receiver
supportto be moved along rectilinear path. In this second experimethi

PC-based configuration was usethe prediction of the reflection points for this
experimenis shavn in Figure6-8.

Figure6-8 Experiment B: Prediction ak&flection points orx-y plane.
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The metal plate was positioned 5 m away from gteting point (1 m away
from the ending point) on portion of ground on which a contribution to the
reflectionof the signal coming from PRN 24 was expectadhis casethe effects
due to vegetation canopy amggass coverage should be taken into account. The
estimationof the quantitative impact is very difficult, being c@mbination of
incidert angle, wavelength, biomass volunigight, and loss component induced
by thedielectric constant of watecontaining stalks and leaves. In additionthe
theoretical approach described [laby, 1982] [Ulaby, 1989, a detded analysis
is presented inHerrazzoli, 201Q] [Egido, 2012. As a first approximation, an
average reduin of the SNR of 2 dRlue to the effect of vegetation will be taken
into account.

Three fflightse were performed:

B1 - from 8:50 to 8:51 a.mwithout the 28cm-diametemetal plate

B2 - from 8:52 to 8:53 a.m., with the metal plate placadhe soil

B3 - from 8:54 to 8:55 a.m., with the metal plate burggproximately 4 cm
under the soll

As expected, a strong fdynamice on the SNR sienes (approximately 8 dB in
this case, from'6 dB toaround 2 dB) was estimated when reflections occurred
with or without the metallic plate, for the signal correspondmBRN 2 shown in
Figure 69

Figure6-9 Experiment B: Time series of SNR.
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In Figure6-9, the red plot is théime series evaluated without any obj@hiring
the first flight), while the green and the blue lines representréselts obtained
when the metal plate was placed abewel under the terrain (second and third
flight). A differenceof approximately 2 dB between these two casesestmated.
This result is coherent with the SNR differereogerienced in the first experiment
when the metaplate was moved from the ground below it. The approximately
5-dB increase observed around the 20th sarmmpkhe SNR, estimated when the
object was placed ottne soil (green line), was unexpected. Since the receiasr
manually moved, this signal could be relateddme strong oscillation caused by
the payload fpullingAnother important aspect to be taken into accoutttas the
signal due to the presencktibe metallic platevas expected to rise between 30 and
40 s. In fact, anean velocity of 10 cm/scan was estimated (the eBiinetrack was
completed in approximately 57 s for #tle experiments), and the object placed at
approximatelyb m from the stding point and the first Fresnel zone dimensicas
approximately equal to 1.5 m, as shmoin Figure6-8. The times when the signal
started to rise anglentified with the green and blue points in the tiseeies shwn
in Figure6-9. They were computed consideritige time when the signal increased
by 3 dB fromthe background value. The rising time of 35 s is quiteect for the
experiment performed with the metahte over the soil (green line). For the other
case (bludine), thepayload velocity during the first half of the experimerds
probably greater than that during the secpad. Also in this second example, an
approximately2-dB difference in the maximum signal available after reflection
from the metal plate placed ovégreen line) ouried in (blue line) the soil was
detected.

Thanks to this experiment, an estimate of the dimensidhe metal plate was
also possible. Since the SNRrelated to the energy coherently reflected by the
presenceof a metal object insida moving first Fresnel zoné¢he corresponding
time series must be related to the spatmaivolution between the Fresnel Zone and
the area of théarget. In fact, as expected, a trapezshdped SNR timeeries was
observed. As the metal plate was smalleanthe dimension of the first Fresnel
zone, it is clear that theverall rising time is related to the object dimension (the
diameter of the metal plate). This rising time can be empiricallgluated

considering the time the SNReeds to increaskom a minimum of +3 dB to a
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maximum of -3 dB.

Figure6-10 Experiment B: SNR time series evaluated for the object on the soil (green Hirgriia
6-9).

In Figure 6-10, this concept is highlighted on the tirseries evaluated for the
object over the soil (green linen Figure 6-9), for which a rising time of
approximately3 s can be identified. Considering an average paypaed of 0.1
m/s, the dimension of the target can be estimitdme approximately 30nc which
is close tahe diameter of the metal plate.

6.2.3 Conclusion

In this chapter a new application of GNSR technique forthe detection of
buried objects was investigatedn AHCP antennawas used to collect reflected
GPS signals by aoftwaredefined ratb GPS receiver. The effects of surface
roughness and vegetation canopy were neglected anckfteeted signal power
estimated considering only cohergoatver.

Two meaurement campaigns were carriedt and the variation of the SNR
level due to thepresewe of a metallic object was investigated. The first
measurement campaign was performed in a static conditioe sandy terrain to
check the functionality of theystem. Note that the presence of the metallic object
was detected also in the case of wetaier In this casethe effect due to the

increase of the dielectric constasttaracterizing the ground may hide the effect
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derivedfrom the metallic object. In the second measureroantpaign, the antenna
was moving along a given patand the possibilityof detecting the object
dimensionswas highlighted. The results show the possibility aofopting this
technique on board an UAV, remotely controllédthis case, the flying direction
could be modifiedn order to better understand the position and sbatiee object.
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Chapter 7 Snow depth measurements

7.1 Description

In the spring of 2013, snow deptieasuremenivas done trying to figure out
the relation between SNR and snow depth. The meadow in front of the GM
buildingwas covered by different detbf snow during=ebruary20th to February
22nd. We made five periods of measurements in those three days tceahalyz

signals reflected from the meadow covered by snow

Figure7-1 Measurement setup on the roof top

Figure 7-1 shows the setup used for the snow measurement on the roof. The
commercial antenna is fixed on the front of the signal receiving equipsmitnthe
elevation of 48 while the box is the compadtiackberry basedeceiver. The
meteorological parametersorrespondig to the five measurement periods are
significant aad are sbhwn in Table 71.
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Tabe 7-1 Meteorological information of the experiment periods

Day Time Weather Snow Level Humidity
Feb 20th 16:35 17:05 Foggy null 70%
Feb 21st 13:35 14:15 Snow lcm 93%
Feb 22nd 09:55 11:05 Snow 2cm 97%
Feb 22nd 11:55 12:35 Snow 3cm 87%
Feb 22nd 16:05 17:05 Snow 0.5cm 78%

7.2 Resultsand DataAnalysis

The SNR time series for each single measurement is shown in Figute 7
Figure 76. Due to the use of the compaeceiver, data were not recorded
continuously but with a 40 s of recording time for each piece. Around 80 s of time
interval between two pieces was expected for the writing of data from ram to SD
card. Occasionally some piece was lost, but all the pieees avranged at the time

when they were received.

Figure7-2 SNRof the measurement on 20th Feb, from 161355
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Figure7-3 SNRof the measurement on 21st Feb, from 13:38:15

Figure7-4 SNRof the measurement on 22nd Fbm 9:55 11:05
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Figure7-5 SNR of the measurement on 22Rdb,from 11:5512:35

Figure7-6 SNR of the measurement on 22nd Fbm 16:0517:05

What are shown in Figure-Z to Figure 76 are consecutive 40 s SNR time
series, every dot represents the SNR caladlatth 500 ms non coherent
integration time. Statistics evaluated by grouping each 40 s SNR for all the five
measurements are shown in Figur&,7which contain information of mean,
standard deviatiormaximumandminimumvalue of each time slot.
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Figure7-7 Statistics of SNR for the five measurements

As the SNRs have sinuselite behavior which can be seen from Figur2
7-6, possible interference due to the multipath caused by the buildings was studied
using parallel multipath model or tway model and the simulated interference
frequency was verified to be close to that revealed by FFT of the SNR series. After
that, signal amplitude Al was tried to be extracted from each group of SNR
assuming the intéerence signal had a rotating phase with respect to the specularly
reflected signal which lead to this sinustilkk SNR performance. The signal
amplitude Al was then madesacondorder polynomial fit with the measured
snow depth as shown indtre 78

Figure7-8 Secondorderpolynomial fit between reflected signal amplitude and snow depth
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Comments should be made here that the study was not rigorous and the data
availability was limited.It was just a triameasurement aiming at observing the
effect of snow to the reflected LHCP SNRhe sinusoidike behavior of SNR
could either be caused by multipath of buildings as illustrated above or could be
brought by the interaction of the GPS signal with the snawerl (see
[RodriguezAlvarez, 2011b)], [Gutmann, 2012]).The polynomial fit shown in
Figure 78 didrt seem well matched and the research smow depth was
interrupteddue to the insufficient theory exploration and limited data (there is very
few snow evats). The study of snow depth is not currently focused on and it is
temporarily out of the scope of this research. Results shown here can be used as a
reference and more rigorous study is expected for the possible future work.
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Chapter 8 Summary and future work

8.1 Summary

In this research, mainly two applications utilizing GNBSvere carried out: the
soil moisture retrieval and buried objection detection.

For the soil moisture retrieval, two types of receivers were applied and the
compact receiver solution wakevelopedin our group. It was validatl to work
well through the static measurement resulitke receiver was verified to be
sensitive to the differg soil moisture contents in terms of processed SNR from
restored raw datd he first static experiment had three different moisture contents
from dry to soaking wet by pouring water eventually to the surfabe. second
static experiment dealt with incrgag wet surface area®oth of these two
experiments showed the received SNR had good sensitivity to different surface
conditions also by considering the statistics of SNR, where the mean Skt +/
standard deviation of SNR for each condition is stijarated from each other.

Antennas used for receiving reflected signals were also concérhedaelix
LHCP antenna was designed and manufactured, and it was tested in the anechoic
chamberResults showed that the helix antenna could reach the desigredgba
due to its big dimension, it was barely used for measurements. Several patch
antennas are still in designing phase in order to meet the requirement of cross
polarization level. A couple of possible types have been simulated and to be
manufactured irthe near future. Twin commercial antennas which were bought for
the regional project of SMAF2 for the cross polarization power ratio
(LHCP/RHCP) research on soil moisture were further examined their
characterizations in the anechoic chamber since tleeg suspected to be working
in bad manners. Results demonstrated that theytdigach the cross polarization
level which is strongly required by our application, and the other characterizations
are worse than what is reported in the official data sheet.

The signal processing of reflected data for getting SNR (time series) was
successfully achievedit was realized by a software defined radio approach, which
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generates the DDM and DW and extracts information from tiém.signal power

can therbe computed given the noise power. Programs for georeferencing specular
points on either Google Maps or sty plane were proved to be useful for planning

a static measurement and for showing the reslitis.fly dynamics was taken into
account and studiefbr a flight measurement, which can compensate the antenna
gain variation due to the incident angle changes over time.

The first dielectric constant retrieval algorithm was derived from LHCP
reflected signal power, which assumes #Hwfaceto be perfecff smooth and
neglects the roughness effethe flight measurement made for rice fielflsoding
states detection has shown that processed SNR was sensitive to wasdeion
conditions and even to soil moisture changesurredbetween flooded field and
dry field, field and boundary or roaBefore deriving dielectric constant of fields,
the system parameters were calibrated first by considering the pure water condition
whose dielectric constant is known as around 80 when the signals were reflected by
Lake Viverone.Results of dielectric constant obtained after the calibration process
showed the similar results as been revealed by SNR. Dielectric constant was
checked to be reasonable by comparing the results with the real time images taken
by the onboard e&located video camera. However, due to the lack editin
measurement on soil moisture, the results could not be further evaluated.

The second dielectric constant retrieval algorithm applied the phiatization
(LHCP and RHCP) receptions of reflectegnals simultaneously to make the ratio
between the cross polarization powers. Retrieval process was done for specular
reflection and diffuse scattering including three widely used models: KGO, KPO
and SPM.AIl the final derived expressions clarified thiwe cross polarization
power ratio is dependent on only dielectric constant and incident angle, with the
surface roughness tergliminated It proves the idea that by making the ratio
between LHCP and LHCP, roughness effect can be neglettedher imporant
conclusion obtained through the simulation results was that the expressions of cross
polarization ratio for the three scattering models and for the specular reflection case
turned out to be unified, which means that for the LHCP and RHCP receiving
scheme, an identical equation can be used for solving dielectric constant no matter
what the surface roughness is or what the scattering model is applied.

An innovative idea of detecting buried metal objesing GNSSR was brought
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and tested in this researchhe receiver scheme is the same as the single LHCP
solution for soil moisture retrieval, and the indicator is the processed SNR of
reflected signalsThe first static measurement verified the sensitivity of SNR to the
presence of metal object on or unddew centimeters of the surface, even in a wet
soil condition. The second measurement was a simulated flight measurement,
which not only detected the presence of metal object, but also provided the
possibility to evaluate the dimension of the object.

An atempt to relate the reflected LHCP signal SNR to snow depth was also
carried out and a second order polynomial fit was implemehrtediever, due to
the limited data and theory support, and even possible multipath interference, the
research in this field asinterrupted

8.2 Future work

The future work relating to soil moisture covers hardware, software and
algorithm aspectA reliable LHCP and RHCP dual polarization patch antenna is to
be manufactured and tested, which is expected to have low cross polarization level.
Also in cooperation with ISMB and NAVSAS Group in the framework of
SMAT-F2 project, a new scatterometer is endevelopmentwhich is specifically
designed to be small and lightweight, and to be mounted on board a UAV. It is
characterized by the use of la@st equipment, enabling, at the same time, a
flexible andreconfigurablesolution thanks to the use of aftseare defined radio
technology [Gamba, 2013]. Post processing programs are therefore required an
update according to the on board signal processing IBath of the retrieval
algorithms for LHCP scheme and LHCP/RHCP scheme are going to be verified in
a bettercontrolled condition, especially for the later one. For the cross polarization
ratio method, multiple variables need to be changed @mdrolled such as
incident angle, soil moisture content, surface roughness in order to compare with
the simulaton results. Several flight measurementequipping the new
scatterometer are foreseen to be done in the upcoming months, and retrieved
dielectric constant will be compared with thesitu measurements.

The altimetry study utilizing GNS&R is now startingTheoretical research has
begunand eventually altimetry measurements will be done using code delay and
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carrier phase delay methodSnow depth detection is another research interest
which can be done in the mountain region with a lot of snow coveragepoand

establishthe relationship between received reflected signal and snow depth.
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