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Abstract

GNSS-IR is a technique that enables the constant observation of water surface height using
reflected GNSS signals from water surface. It offers a simple monitoring approach compared
to other techniques, requiring only a GNSS receiver near the water. The principle of the
technique involves analyzing signal-to-noise data by converting signals from the time domain
to the frequency domain.

Satellite altimetry is another powerful technique for long-term water monitoring, pro-
viding extensive spatial coverage. The retrieval of water level from altimetry waveforms,
known as retracking, is susceptible to errors due to various factors, despite the development
of multiple retracking algorithms for different waveform types.

The Sentinel-3 satellite mission, operated by ESA and EUMETSAT, is designed to moni-
tor Earth’s surface topography and climate while providing altimetry data. In this study,
the altimetry results for the Neckar river from Sentinel-3 mission will be validated using
the GNSS-IR technique. Due to the absence of a permanent GNSS receiver at the ideal
measurement point, the measurement campaigns have a limited duration of a few hours each
time. To better receive the reflected signals from water, GNSS antennas are rotated in the last 2
campaigns. To maximize the utilization of GNSS signal-to-noise ratio (SNR) data and capture
the dynamic water level changes during observations, a novel technique is developed. This
technique involves splitting the data according to time and multiplying the Lomb-Scargle
Periodograms(LSP) from different satellites within specific time ranges. By extracting the
peaks of the multiplied periodograms, a time series can be generated. The altimetry results
from the Sentinel-3 mission will then be validated using this time series. To enhance the quality
of GNSS-IR results, various methods have been implemented, including selecting different
campaign locations, rotating GNSS receivers, and applying data filters such as elevation angle.

GNSS-IR is proved to be a able to monitor the inland small water body and rotating the
GNSS antenna can improve the result quality. All seven retrackers from the Sentinel-3 mission
are validated using water level data obtained from GNSS-IR. The altimetry water level is
higher as the result from GNSS-IR and this offset varies for different retrackers from about
0.1 to 0.4 meters. In the challenging Neckar area with a narrow river width and complex
environment, OCOG has demonstrated the best performance in terms of both availability and
accuracy, the difference is from 0.03 to 0.17 meters in all experiments.

The source code for this work can be found in https://github.com/ziqing97 /gnss_ir_analyze


https://github.com/ziqing97/gnss_ir_analyze
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Chapter 1

Introduction

1.1 Motivation

Water, as an essential element for sustaining life on Earth, plays a vital role in shaping natural
landscapes, ecosystems, and human civilizations (Ashraft and Mohd Hanafiah), 2019), (Group
et al., 2001). However, the impact of global warming and human activities on inland surface
water has become increasingly evident, disrupting the delicate balance of the hydrological
cycle. In recent decades, there has been a noticeable transformation in the characteristics of
water bodies that were once considered permanent. This shift has been documented over the
past three decades, indicating substantial changes in the state and behavior of these water
systems (Pekel et al| 2016), (Lutz et al) 2014). As recent as summer 2021, record rainfall
caused severe flooding events adjacent to the Rhine River in North Rhine-Westphalia and
Rhineland-Palatinate, in which 40,000 lives were directly affected and several lost (Bosseler
et al., 2021). These observations underscore the urgent need to comprehensively understand
and address the evolving dynamics of water bodies in the face of environmental challenges.

The study of global water distribution is of paramount importance in understanding the
complex interplay among hydrological processes, environmental sustainability, and human
development (Wada et al), 2011). This interdisciplinary field of research delves into the
dynamic fluctuations of water levels in rivers, lakes, and oceans, providing insights into the
intricate interactions between these water bodies and their surrounding environments. By
examining the patterns and variations in water distribution, researchers gain a deeper under-
standing of the fundamental processes that shape our planet’s hydrological cycle and influence
the availability of water resources(Davie, 2019). This knowledge serves as a foundation for
effective water resource management, ecosystem preservation, and sustainable development
practices worldwide. Indeed, monitoring water elevation, encompassing sea, lake, and river
levels, is confronted with the vulnerabilities associated with anthropogenic climate change.
This presents a considerable challenge in the field of water studies (Goudie, 2006). To address
this challenge, several methods have been developed, including gauge and satellite-based
techniques, to measure water levels effectively.

However, the use of gauges in the study suffers from certain limitations. The spatial
distribution and number of gauges can undergo significant changes over time (Lorenz
et al, |2014). Moreover, the availability and accessibility of in situ gauging stations are often
restricted, particularly in many regions worldwide where these stations are not publicly
accessible or adequately maintained by local authorities (Gleick, |2003). Satellite altimetry, on
the other hand, offers global coverage of water bodies. However, it has its own limitations.
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The technique does not provide continuous measurements, as the water level at a specific
location can only be observed every 27 days using satellites such as Sentinel-’,ﬂ Additionally,
satellite altimetry measures the range from the satellite ellipsoidal altitude and computes the
water elevation by subtracting the range measurement (section 2.1). This process introduces
additional errors into the final results.

Consequently, the development of alternative methods becomes imperative to accurately
measure water levels in areas where in situ gauging stations are lacking. These alternative
approaches play a crucial role in bridging the data gap and facilitating comprehensive water
level monitoring, thereby supporting informed decision-making and sustainable water re-
source management. One such alternative method is the GNSS-IR (Global Navigation Satellite
System-Interferometric Reflectometry) technique, which estimates environmental parameters
near a geodetic-quality GNSS site by analyzing the signal-to-noise ratio (SNR) patterns created
by the interference of direct and reflected GNSS signals (Roesler and Larson, [2018). A GNSS
receiver can be easily and flexibly deployed near the water body, allowing for continuous
observations. By analyzing the geometry and properties of multipath signals, it is possible
to compute the height of the receiver over the water surface. Furthermore, by fixing the
GNSS receiver in a specific location or utilizing high-resolution positioning techniques like
Real-Time Kinematic (RTK) or Precise Point Positioning (PPP), the errors associated with the
measurement can be significantly reduced.

GNSS-IR is a relatively new technology that holds considerable promise in terms of its
reliability and potential. Its application in testing the reliability and assessing the uncertainty
of this technique is an interesting area of research. Additionally, GNSS-IR offers a valuable op-
portunity to validate water level measurements obtained through satellite altimetry missions,
particularly in areas where other data sources are limited or unavailable.

1.2 Objectives and Outline

The aim of this study is to measure the surface height of the Neckar River using GNSS-IR
methods. Suggestions for the measurement will be summarized during the campaigns.
Subsequently, the data will be processed using the multiplied Lomb-Scargle Periodogram
to generate a GNSS-IR-based height timeseries with uncertainty, enabling the analysis of
GNSS-IR data quality. Finally, a comparison will be made between the heights derived from
GNSS-IR and the altimetry results obtained from different retrackers of the Sentinel-3 mission.

The study begins by introducing the two technologies utilized in this research. In
an overview of the measurement area, the campaigns conducted, and the other data
sources employed for the study is provided. elaborates on our periodogram
multiplication method and the determination of ellipsoidal water levels using GNSS-IR. Next,
in we present the results obtained from the GNSS-IR analysis and utilize them to
assess satellite altimetry. summarizes our measurement experience, discusses the
achieved results, and presents conclusions. Additionally, we provide an outlook on potential
future work.

Thttps:/ /sentinels.copernicus.eu/web/sentinel /missions/sentinel-3/satellite-description / orbit


https://sentinels.copernicus.eu/web/sentinel/missions/sentinel-3/satellite-description/orbit

Chapter 2

Monitoring Water Using Satellite Altimetry and
GNSS-IR

2.1 Concepts to Satellite Altimetry

The principle behind satellite altimetry is straightforward: a radar pulse is transmitted from
the satellite and reflected off the water surface, subsequently received by the satellite. By
analyzing the waveform of the reflected pulse and measuring its travel time, the range can
be calculated, incorporating various correction data. The water surface elevation, relative to
the reference ellipsoid, can then be determined by subtracting the range from the satellite’s
altitude. This process is depicted in Furthermore, visually illustrates
the different stages of interaction between the radar pulse and water surface, as well as the
waveform generated from their interaction.

TOPEX/POSEIDON . 2*%
GPS

MEASUREMENT SYSTEM _/ SATELLITE

RADAR | WATER VAPOR

ALTIMETER
RANGING =

TOPOGRAPHY

MNASAUPL

Figure 2.1: Visualization of the measurement principle of satellite altimetry mission TOPEX. (source: JPL)
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During the initial stage of satellite altimetry, the radar pulse is transmitted from the satellite in
the nadir direction, reaching the water surface as a point. Subsequently, the point evolves into a
spherical shell, resulting in a significant increase in the returned power between times ty and t1,
referred to as the leading edge. Following this, the shell reaches its maximum area, transforming
the wavefront into a filled circle that expands in size and thickness after time t;. At this stage,
the returned power gradually decreases, known as the trailing edge (Tourian, 2013). To ensure
accurate altimetry measurements, it is crucial to precisely determine the middle time point on
the leading edge, between ty and ¢;, which is achieved through waveform retracking. However,
waveforms over inland water bodies often exhibit noisy leading and trailing edges, making it
challenging for the on-board tracker to identify the half-power point accurately. Consequently,
these noisy edges can lead to inaccurate range measurements by the on-board tracker, resulting
in erroneous data (Tourian 2013).

- OAAA

Plane view

Constructed waveform

Returned power

Figure 2.2: Interaction principle between radar pulse and surface (Tourian,|2013)

There are two modes for setting the tracking window in satellite altimetry. The closed-loop
mode determines the tracking window in near-real time based on the analysis of the previ-
ously received waveform. On the other hand, the open-loop mode utilizes a-priori information
in the form of pseudo-Digital Elevation Model (DEM) look-up tables. These look-up tables pro-
vide approximate elevation information for the satellite’s instantaneous location on the Earth’s
surface (Robinson, 2004). In satellite altimetry, different retrackers employing physical and
empirical approaches are utilized to process the widely varying shape and size of returned
waveforms (Shu et al., 2020). These waveforms can be categorized into four classes:

¢ Fitting algorithm: B-parameter retracking (Martin et al., 1983).
¢ The off center of gravity technique (OCOG) (Wingham et al., 1986).
¢ Threshold retracking (Davis)| {1993).

¢ Surface/volume scattering retracking (Ridley and Partington, [1988).
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Each of them has its highest performance over a specific waveform shape (Deng and Feather-
stone, [2006).

2.2 Concepts to GNSS Interferometric Reflectometry

Global navigation satellite system (GNSS) including GPS from USA, GLONASS from Russia,
Galileo from European Union and Beidou from China is developed to provide autonomous
geopositioning. Ths satellites broadcast a signal that contains orbital data and the precise time
the signal was transmitted. The receiver compares the time of broadcast in the transmission
of at least 4 different satellites (giving the pseudorange) and these measurements are used to
obtain its position and reception time. The accuracy of this measurement can be influenced by
several factors, one major error source is from multipath.

Multipath refers to the phenomenon where one or more signals reach the GNSS antenna
through indirect paths. When the multipath signal is reflected from a relatively smooth
surface, it introduces errors in both pseudorange and carrier phase measurements, making it
the primary error source in GNSS positioning (Braasch, 1996). However, multipath can also
be utilized to determine physical parameters such as reflector distance and surface moisture
(Bilich and Larson, 2007). Previous studies have proposed various methods to capture the
orientation and reflectivity of objects within the GNSS multipath environment. For instance,
Park et al.| (2004) developed a directional antenna capable of measuring the orientation and
magnitude of multipath effects. Each of these methods has its own advantages and disadvan-
tages. Bilich and Larson|(2007) presented a method where the multipath signal-to-noise ratio
(SNR) can be extracted to evaluate the receiver height over the reflective surface.

2.2.1 First Fresnel Zone

As presented in When a GNSS signal encounters a smooth earth surface, it follows
the shortest path to the GNSS receiving antenna when it reaches a point in the plane of in-
cidence, where the angle of incidence equals the angle of reflection. Any other point on the
surface results in a longer distance from the satellite to the receiver, leading to a greater phase
shift in the correlation process compared to the signal reflecting at the specular point (Katzberg
et al., 2006). GNSS satellites transmit signals with an aperture angle, resulting in the contribu-
tion of various areas on the reflector surface to the reflected signal (Zimmermann et al., 2019).
If the surface remains flat over a distance of multiple wavelengths, the reflected signal appears
to originate from an ellipse known as the first Fresnel Zone (FFZ). The size of this ellipse is
determined by the wavelength of the signal (Larson and Nievinski, 2013).

2.2.2 Determination of Receiver Height with SNR

As shown in the GNSS receiver is located at point R on the z-axis, with the reflection
point lying on the x-axis. The receiver height h corresponds to the z-coordinate of point R and
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Figure 2.3: The cross-correlation of the PRN code at different delays gives rise to the lambda-square profile, which
is a function of range on the reflecting surface. The sensitivity profile corresponds to an elliptical area on the
surface and extends one-half code chip at each delay bin
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€ is the elevation angle. Based on different ¢, the relationship between / and multipath length.
When e is smaller than 45° (Figure 2.5), the multipath length ¢ is equal to P/ — P;. There is:

Pr/ + P o h ‘
cos(e)  sin(e) @D
, h
b= sin(e) 22)

By combining 2 equations above we have P; = (2h cos?(e) — h)/ sin(e), and thus:

Figure 2.4: Geometric view of direct and multi-path GNSS signals, where yellow line is the direct signal and green
line is the reflected signal from water surface. € is the elevation angle.

2h — 2h cos?(€)

d=P—P =" o (2.3)
_ 2hsin’(e)
~ sin(e) @4)
= 2hsin(e) (2.5)

When e is bigger than 45° (Figure 2.6), the delayed path length P; + P, is equal to P; 4 Py since P,
and P, are two waists of an isosceles triangle. Note that P; + P is the longest side of the largest
right-angled triangle, and the hypotenuse of this triangle has a length of 2h. If we define P; + Py
as 6, we can express the relationship between multipath length and receiver height simply as:

6 = 2hcos (g - e) = 2hsin (€) (2.6)
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When e = 45° (Figure 2.7), multipath length § = P, = h/ sin(e) and therefore:

h
5= z 2.7)
=V2-h (2.8)
= 2sin(45°)h (2.9)

Concluding all 3 cases discussed above, the relationship between ¢ and & can be written as:
0 = 2hsine

receiver /

satellite

X

/‘ locus of points with constant delay
specular reflection point

Figure 2.5: The geometric relationship between receiver height h and multipath length when elevation angle € is
small than 45°. Multipath length ¢ is equal to P; 4 Py, receiver R is on the z-axis.

The signal-to-noise ratio (SNR) of the direct signal can be expressed as shown in[Equation 2.10
In comparison, the signal power of the reflected signal is much weaker, and the phase is

additionally delayed, resulting in the reflected signal being represented by [Equation 2.11

SNRy;, = V cos (¢) (2.10)
SNR,.f = a -V cos (¢ + Ag) (2.11)

This delayed phase can actually represent the length of the multi-path:

2
Ap =5 (2.12)
A
After combining the [Equation 2.6|and [Equation 2.12} we find the relationship between the an-

tenna height and the reflected SNR data:

47th
SNRy.s = Acos (K sine + q)) (2.13)
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4 specular
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Y /—’—‘?’E—\\/with constant delay X

Figure 2.6: The geometric relationship between receiver height h and multipath length when elevation angle € is
larger than 45°. Multipath length & is equal to P] — P;, receiver R is on the z-axis.
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satellite
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X
%Iocus of points
with constant delay
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Figure 2.7: The geometric relationship between receiver height h and multipath length when elevation angle € is
45°. Multipath length & is equal to Py, receiver R is on the z-axis.



2.2 Concepts to GNSS Interferometric Reflectometry 11

where A is the carrier wavelength.

The SNR data in the Rinex file contain a mixture of direct and reflected data, which re-
quires us to separate them before further processing. As noted by [Bilich and Larson| (2007),
the long period component in the SNR data is due to SNR;,, while multi-path creates smaller
amplitude oscillations on top of the trend. It is worth to note that at lower elevation angles,
the SNR value is smaller, and the oscillation amplitude is larger. To remove the SNRy;, from
the SNR data, we use a low-order polynomial fit.

46 -

44

42

SNR [V/V]

40+

38

12 14 16 18 20 22
elevation [degree]

Figure 2.8: The long period component is the direct SNR (red), which is modeled as a parabola and the oscillation
on the trend is SNR from the reflected signal
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Figure 2.9: After removing the long period component, the rest part is the SNR for reflected signals

Equation 2.13|can be transformmed in

»
SNR,.s = Acos <27r h- S;r‘e 4 4,) (2.14)



12 Chapter 2 Monitoring Water Using Satellite Altimetry and GNSS-IR

In the variable & can be interpreted as the frequency. As a result, algorithms
such as Fourier transformation can be employed to extract the frequency . However, it should
be noted that the term 252€ is not evenly sampled, making the Lomb-Scargle periodogram a
more practical method for detecting the frequency & in the signal (Lomb), 1976; |Scargle} 1982).
The Lomb-Scargle periodogram can be viewed as a probability density function (VanderPlas,
2018), and the height can be extracted by locating the maximum likelihood, corresponding to
the peak location.

Numerous studies have utilized the mentioned technique for monitoring sea and lake
levels, and have extended its application in various contexts. For instance, [Larson et al.
(2017) discovered that systematic errors can arise when signals from low elevation angles
are employed. Additionally, Santamaria-Gémez and Watson|(2017) pointed out a misleading
double peak phenomenon in the L2(P) signal-to-noise ratio (SNR) sequence, which can ad-
versely affect the accurate extraction of frequencies. In response, Wang et al. (2019) proposed
a multilayer decomposition combination method to mitigate the SNR noise. Furthermore,
Strandberg et al.| (2016) developed a new approach that employs a multi-parameter least
squares fitting method to analyze the detrended SNR data, although this method may not be
suitable for water level determination in poor environmental conditions. It should be noted
that when the sampling rate is low and the distance between the antenna and reflecting surface
exceeds a certain threshold, the detrended SNR becomes more complex (Song et al., 2019).
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Chapter 3

Measurements and Data

3.1 Neckar River

The Neckar River is a significant right-bank tributary of the Rhine River, situated in south-
western Germany E With a total length of 367 kilometers, it originates in the Black Forest
region and initially flows in a north and northeast direction. Upon reaching Plochingen, it
transitions to a northwesterly course before passing through the city of Stuttgart™. The Neckar
River holds significant geographical importance in the region, serving as a vital waterway
for transportation, recreation, and supporting various ecological habitats in the surrounding
areas. During the early 20th century, significant changes were made to the natural flow of
the Neckar River between Plochingen and its mouth, resulting in the disappearance of the
last freely flowing sections. This part of the river is now characterized by dammed areas,
altering its natural state ﬂ In the textured landscape of the Neckar region, the river valley
became an important corridor for modern transportation infrastructure. The construction of
railway lines and roads in the valley plains transformed the Neckar valley from a primarily
cultural landscape into an industrial hub. Major companies such as Daimler AG and Mahle
established their operations along the river, while recreational facilities like the Mercedes-Benz
Arena and Cannstatt Wasen also found their place in this region between Plochingen and
Bad-Cannstatt. These developments have shaped the modern identity of the Neckar area,
combining industrial and recreational elements within its rich cultural and historical contextl.

The city center campus of the University of Stuttgart offers convenient access to a signif-
icant portion of the Neckar River through public transportation. However, it’s important to
note that certain sections of the river are restricted and require permission to enter due to their
significance for shipping and water supply to the surrounding areas. To gain full access to
these restricted areas, researchers are required to submit an application to the Wasserstraflen-
und Schifffahrtsamt (WSA), the authority responsible for waterways and navigation. Once
the application is approved by the WSA, researchers can conduct their activities legally and
without interruptions, ensuring a smooth and compliant research process.

Thttps:/ /www.britannica.com/place/Neckar-River
2htt’ps: / /de.wikipedia.org/wiki/Neckar


https://www.britannica.com/place/Neckar-River
https://de.wikipedia.org/wiki/Neckar
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Figure 3.1: The geographical representation indicates different regions: the yellow area corresponds to the state of
Baden-Wiirttemberg, the light blue area represents the catchment area of the Neckar River, and the deep blue
line marks the course of the Neckar River itself. The black point signifies Stuttgart, the principal city of Baden-
WAYirttemberg. Additionally, two red areas highlight the locations where the measurements were conducted.
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3.2 Measurements

3.2.1 Location

To compare the water level measurements obtained from Sentinel-3 and GNSS-IR, we con-
ducted GNSS-IR measurements in areas where satellites pass overhead. In Stuttgart, specif-
ically, Sentinel-3A flies over Ober Esslingen, while Sentinel-3B passes over Bad-Cannstatt.
However, due to the approximate width of the river in these areas being around 50 meters, the
signal from low elevation angles is prone to obstruction by the riverbank. illustrates
the Fresnel zone for one station, indicating that the reflection zone of signals at an elevation of
10 degrees is already close to the river center. Consequently, multipath signals received within
this elevation range may not originate from the water surface. Furthermore, the presence of
numerous trees and buildings on the island located on the other side of the river can also
obstruct the expected signals. As a result, we encountered challenges in obtaining valid results
from stations situated on the riverbank.

Figure 3.2: Fresnel zone for a measurement station in Ober Esslingen with elevation at 5(yellow), 10(blue), 15(red)
degree.

In an effort to improve visibility of the river, we made attempts to install GNSS antennas
on bridges. However, upon conducting the first Fresnel zone analysis for these bridge
stations, as depicted in [Figure 3.3] we encountered several challenges. As the vertical distance
between the antenna and the water surface increased, the first Fresnel zone expanded in the
horizontal direction, moving further away from the station. Consequently, the size of the
ellipse representing possible reflected signals also grew larger. This indicates that the reflected
signals originate from a broader area within the same elevation and azimuth range, making
them more vulnerable to environmental factors such as nearby bridges. Unfortunately, despite
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our efforts, the data obtained from these bridge stations did not yield valid results. Similarly,
receivers positioned near sections of the river with bends observed rare occurrences of valid
reflected signals. Furthermore, it is crucial to consider other factors such as avoiding locations
with trees, buildings, and other tall obstructions. These objects not only block signals from
the sky but also introduce additional reflected signals that are not from the water surface.
Similarly, river sections with heavy ship traffic should be avoided as well.

Figure 3.3: Fresnel zone for a measurement station on a bridge in Bad-Cannstatt with elevation at 5(yellow),
10(blue), 15(red) degree.

We conducted thorough testing of multiple locations in Ober Esslingen and Bad-Cannstatt
to assess their suitability for our study. Unfortunately, the majority of these locations proved
unsuitable due to the aforementioned challenges, as indicated by the red points in [Figure 3.4}
However, we were fortunate to receive permission to access a corner of the island in Ober
Esslingen, marked by the green point in This particular location provided an
unobstructed view of the river, allowing us to position the GNSS antenna as close to the
water as possible, optimizing data collection as shown in Regrettably, despite our
efforts, we were unable to find a suitable position in Bad-Cannstatt, which prevented us from
comparing GNSS-IR and Sentinel altimetry measurements in that specific area. Nevertheless,
the successful location in Ober Esslingen offers valuable insights for the comparison and
validation of GNSS-IR and Sentinel altimetry measurements.
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(b) Ober Esslingen

Figure 3.4: Measurement stations in Ober Esslingen and Bad-Cannstatt, results from red points are proved to be
invalid and all the valid measurements took place at the green point, the black lines in both figure are the satellite
track projection.



18 Chapter 3 Measurements and Data

Figure 3.5: A picture for the location where the measurement took place, the measurement site was carefully chosen
at the river center to provide an optimal line of sight to the river. This location offered excellent visibility and a
clear view of the river. Moreover, the antennas were positioned near the surface, ensuring their close proximity
to the water for accurate and reliable measurements.

3.2.2 Setups

In compliance with water and sailing protection regulations, certain areas along the Neckar
river were restricted from access. However, all the measurements conducted as part of this
study were approved by the WSA (Wasserstrafien- und Schifffahrtsamt), as mentioned in

During the measurement process, it is crucial to use an appropriate mode to ensure ac-
curate positioning. Signals from low elevations can negatively impact positioning accuracy,
leading many receivers to filter out these signals. Unfortunately, in the initial 5 campaigns,
these signals were inadvertently excluded from our measurements. To track a greater number
of signals, we modified the receiver settings to allow for the reception of signals from 3 GNSS
systems, as described in detail in Additionally, we set a high sampling rate of 1
second to avoid any distance limitations. It is essential to consistently double-check these
details in future work to ensure accurate and reliable measurements.

The Sentinel-3A satellite passes over the Neckar river in Ober Esslingen approximately
every 27 days at 10:02 UTC. During several early measurement campaigns, a pair of leveled
Leica GS15 antennas were utilized, serving as a reference to ensure measurement reliability.
However, on February 16th and March 15th, 2023, for improved positioning accuracy, one
Leica GS25 antenna was incorporated, while one of the Leica GS15 antennas was rotated to
optimize the reception of reflected signals. The remaining setup parameters were consistent
across all measurements, including a data sampling rate of 1 second and tracking of signals
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from GPS, Glonass, and Galileo satellite systems. More specific details can be found in
These standardized settings allow for consistency and comparability in the collected
data, facilitating accurate analysis and interpretation in subsequent research.

Date Antenna settings duration
11/08/2022 | 2 Leica GS15 2 hours
07/09/2022 | 2 Leica GS15 2 hours
04/10/2022 | 2 Leica GS15 2 hours
31/10/2022 | 2 Leica GS15 2 hours
27/11/2022 | 2 Leica GS15 2 hours
1 Leica GS15 + 1 Leica GS25 6 hours
16/02/2023 1 Leica GS15 + 1 Leica GS25 (rotate) | 2 hour
15/03/2023 | 1 Leica GS15 + 1 Leica GS25 (rotate) | 6 hours

Table 3.1: measurement campaign setups, sampling rate is 1 second and all signals (see|Table 3.2) are received.

3.2.3 Antenna Rotation

The minimum gain beamwidth and the rate of gain variation in the elevation plane of a
GNSS antenna play crucial roles in determining the number of satellites that can be tracked
effectively at different elevation angles. GNSS antennas, including geodetic antennas, are typi-
cally designed with a broadside direction that offers maximum gain and optimal polarization
properties when aimed at the zenith or directly overhead.

However, as the elevation angle decreases and the satellite moves towards the horizon,
the gain of the antenna diminishes rapidly. This decrease in gain can be quite significant, with
values as large as 10dB reported in the literature (Rao et al., 2013). Consequently, the antenna’s
ability to effectively track and receive signals from satellites at lower elevation angles is
significantly compromised. When planning and conducting satellite tracking activities, it
is crucial to consider these characteristics of GNSS antennas. Understanding the antenna’s
gain pattern and the variation in the elevation plane enables researchers and engineers to
optimize satellite tracking strategies and ensure reliable and accurate reception of GNSS
signals, especially when dealing with satellites at lower elevation angles.
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Figure 3.6: Antenna diagramm shows the gain pattern for a GNSS antenna. Image source:
https://en.wikipedia.org/wiki/File:Patch_antenna_pattern.gif|

In GNSS-IR studies, the signals reflected from "under" the horizon, particularly those from the
water surface, are of focus. To enhance the reception of these signals, researchers have explored
different approaches. One such approach, as discussed in a study by [Purnell et al| (2021),
involves rotating the GNSS antenna so that its top faces the water surface. By adjusting the
antenna orientation in this manner, researchers aim to optimize the reception of the reflected
signals, improving the quality and accuracy of the results obtained. In your own measurement
campaigns, as outlined in we have also implemented this method to enhance the
quality of the data collected.

To maintain stability, the rotated antenna was securely fixed on the tripod by taping the
Leica GS15 antenna body, as depicted in However, due to its unique shape, the
Leica GS25 antenna could not be fastened to the tripod when rotated.

During the measurement campaign on February 16th, the Leica GS15 antenna was ro-
tated for a duration of 2 hours. It is important to note that rotating the antenna can result
in an increased reception of multipath signals compared to normal conditions. This rise in
multipath signals may impact the accuracy of the positioning, posing challenges for accurately
determining the absolute height of the water level. To address the challenges encountered
during the rotated antenna measurements, a different approach was implemented on March
15th. The Leica GS25 antennas were used as the positioning antennas, offering improved
accuracy. A reference point was established on the tripods, and the distance between the
antenna phase center and the tripods was measured using a ruler. The measurements were
conducted in two phases. In the first phase, the Leica GS25 antenna was positioned on tripod
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1 in a leveled configuration, while the Leica GS15 antenna was rotated on tripod 2. After
a duration of 3 hours, the antennas were switched, with the Leica G525 antenna placed on
tripod 2 in a leveled configuration, and the Leica GS15 antenna rotated on tripod 1 (Figure 3.7).
This setup allowed for the determination of the ellipsoidal height of the rotated antennas by
utilizing the temporal reference and the Precise Point Positioning (PPP) solution obtained from
the leveled antenna.

By employing this method, the rotated antenna’s ellipsoidal height can be accurately de-
termined, improving the overall accuracy and reliability of the water level estimation derived
from the GNSS-IR measurements.

Hrotate = Hlevel - dHlevel + dHrotate (3-1)

where H is the phase center height in WGS84 system and dH the height offset to the reference.

receiver 1 receiver 2

phase center
phase centel

\ M
'l 1 \

f = 3 f = %

Figure 3.7: Receiver 1 was initially used for positioning, and after three hours of measurement, the other receiver
was set up on the same tripods but with a different rotation position. To accurately determine the absolute
position of the rotated receiver, the offset between the phase center of the receiver and the tripods was measured.
This offset measurement enabled the calculation of the precise position of the rotated receiver relative to the
tripods. By obtaining the absolute position of the rotated receiver, it was possible to further analyze and compare
the data collected from both receivers in the study.
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Figure 3.8: To ensure stability and proper orientation, the antenna was rotated so that its top surface faced the
water. Additionally, it was securely taped onto the tripods to maintain stability throughout the measurement
period. This setup allowed for consistent and reliable data collection without any disturbance or unintended
movement of the antenna.

3.3 GNSS Signal

As outlined in Neckar River is narrow and thus poses a significant limitation for
GNSS-IR measurements. To overcome this limitation and increase the number of valid mea-
surements, we utilized signals from three different GNSS systems: GPS (Global Positioning
System) from the United States, GLONASS (Global Navigation Satellite System) from Russia,
and Galileo from the European Union. provides a list of the selected signals along
with their corresponding frequencies. This comprehensive approach allowed us to capture a
broader range of GNSS signals and maximize the data available for the analysis, ultimately
improving the accuracy and robustness of our results.

GNSS System | Signal | Frequency (MHz)
L1 1575.42
GPS L2C 1227.60
L5 1176.45
Glonass L1 1602 + k - 0.5625
L2 1246 + k - 0.4375
E5a 1176.45
. E6 1278.70
Galileo I g5p 1207.14
E5 1191.795

Table 3.2: GNSS signal systems with frequencies, in GLONASS system, signal frequency related to the channel
number k
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GLONASS, unlike GPS and other GNSS systems, utilizes FDMA (Frequency Division Multi-
ple Access) for its legacy signal transmission. In the GLONASS constellation, each satellite is

assigned a unique frequency in the L1 and L2 bands. The channel numbers assigned to each
GLONASS satellite can be found in

Channel k -7 4 | -3 -2 -1 0 1 2 3 4 5

Satellite index | 14,10 | 2,6 | 18,22 | 9,13 | 12,16 | 11,15 | 1,5 | 20,24 | 19,23 | 17,21 | 3,7

Table 3.3: Glonass channel-number pair, channel -6 and -5 are for test purpose and not in real application.

To implement GNSS-IR solutions, we utilized TEQC, a freeware program designed to support
various tasks in GNSS data processing. TEQC offers a range of functionalities, including trans-
lating binary receiver formats to the standardized Rinex (Receiver Independent Exchange) for-
mat, editing existing Rinex files, and conducting data quality checks prior to post-processing
(Estey and Meertens, 1999). By leveraging TEQC, we easily converted the binary raw data into
the Rinex2.11 format, calculated azimuth and elevation angles, and extracted the necessary
SNR data for our analysis. We have provided the commands for performing these operations

in[Appendix Q

3.4 Altimetry Data

Sentinel-3 is an ongoing mission by the joint program of ESA and EUMETSAT at an inclination
of 98.65°. The spacecraft is equipped with 4 main instruments including SRAL which is the
SAR RADAR Altimeter. It emitts pulses within the Ku band at 15.575GHz and C band at
542 GHz and provides Low Resolution Mode (LRM) and Synthetic Aperture Radar (SAR)
modeﬂ For the analysis of altimetry level-2 data obtained from Sentinel-3A, a specialized
software developed by the Geodetic Institute of the University of Stuttgart is employed. This
software is designed to process non-time critical altimetry data from the Sentinel-3 mission and
provides water level estimations in the WGS84 coordinate system. The software incorporates
various retracking methods, including ocean retracker (for LRM and SAR), offset centre of
gravity retracker (for SAR), ice retracker (for LRM) and sea ice retracker (for SAR).

The main objectives of the Sentinel-3 level-2 processing data is to provide elementary re-
tracked altimeter estimates of the ocean, coastal zones, ice sheet, and sea-ice elevation, there
are different re-tracking algorithm that are applied:

® Ocean retracking of SAR mode: Inherited from the SAMOSA project, a methodology
is employed to fit the theoretically modeled multi-look L1B waveform to the real L1B
Synthetic Aperture Radar (SAR) waveform. This fitting process enables the estimation of
essential parameters.

* Ocean retracking of LRM mode: Inherited from the JASON-2 missio a fitting technique
is employed to analyze and characterize the waveform data using a 4th parametric model

Shttps:/ /sentinels.copernicus.eu/web /sentinel /missions/sentinel-3/instrument-payload /altimetry

4https:/ /sentinels.copernicus.eu/web /sentinel / technical-guides /sentinel-3-altimetry /level-2 / re-tracking-
estimates/ocean

bhtt-ps: / /www.jpl.nasa.gov/missions/jason-2
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https://sentinels.copernicus.eu/web/sentinel/technical-guides/sentinel-3-altimetry/level-2/re-tracking-estimates/ocean
https://www.jpl.nasa.gov/missions/jason-2
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3.5

estimation. By performing this fitting, valuable information about the waveform can be

obtained, including features such as the peak amplitude, leading edge and trailing edge.
@

OCOG of SAR mode: Heritage of the ice-1 re-tracker implemented in both ENVISATEI
and CryoSat-ﬂ missions. It is an empirical-based algorithm used in LRM mode for ice
surfaces and in SAR mode for sea-ice margins. This method is based on the OCOG and
requires form the estimation of the waveform amplitude as it is using a threshold-based
approach to infer the epoch. Then, OCOG amplitude is estimated

Ice sheet retracking of LRM mode: The Maximum Likelihood Estimation (MLE) tech-
nique is utilized to perform a fitting of the waveform with a 4th order parametric model.
The MLE approach aims to find the parameter values that maximize the likelihood of the
observed waveform data given the assumed parametric modelﬂ

Ice sheet retracking of SAR mode: The method is that used for waveforms received in
the SARin degraded case for the CryoSat-2 mission. The retracking algorithm has been
designed to exploit least squares fitting of a semi-analytical model of the echo. The echo
model is a modified gaussian form. It corresponds to a six parametrizable function with
5-section modelling!

Ice retracking of LRM mode: Heritage of the ice-retracker (also called ice_erf retracker)
implemented in both ENVISAT and CryoSat-2 missions. It is a physical-based retrackerm

Sea ice re-tracking of SAR mode: Heritage in the empirical-based sea-ice re-tracker imple-
mented in the CryoSat-2 mission. It corresponds to a simplified version of the 5-sections
ice-sheet retracker used in CryoSat-2. In this case only three segments are considered:
leading edge is modelled as a Gaussian; an exponenetial function is used to fit the trail-
ing edge decaying; and a third order polynomial functionErI

Gauge Data

To provide accurate data on water levels in the study area, we were fortunate to have access
to a nearby gauge station. Through individual requests, we obtained water level data from the
WSA for the period prior to November 2022 in Ober Esslingen (see [Figure 3.9). This data is
sampled at a frequency of every 15 minutes and is available in the DHHN2016 height system.
The height offset between DHHN2016 and WGS84 frame is already known and the transfor-
mation can be done. Thus the gauge data can be compared with other data sources.

Ohttps:/ /earth.esa.int/eogateway /missions/envisat
7https: //www.esa.int/Space_in_Member_States/Germany/Die_Forschungsfracht_von_CryoSat-2
8https:/ /sentinels.copernicus.eu/web /sentinel /technical-guides/sentinel-3-altimetry /level-2 / re-tracking-
estimates/ocog
“https:/ /sentinels.copernicus.eu/web/sentinel / technical-guides/sentinel-3-altimetry /level-2 /re-tracking-
estimates/ice-sheet
Whttps:/ /sentinels.copernicus.eu/web/sentinel / technical-guides/sentinel-3-altimetry /level-2 /re-tracking-
estimates/ice
Hhttps:/ /sentinels.copernicus.eu/web/sentinel / technical-guides/sentinel-3-altimetry /level-2 /re-tracking-
estimates/sea-ice
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Pegel Oberwasser Schleuse

Figure 3.9: Several gauge stations are distributed around the water dam, we will use the water level measured at
"Unterwasser Schleuse” as reference because the water level here should be very close to the GNSS-IR footprint.

The gauge station data serves as a valuable complement to the altimetry data from Sentinel-3A
and the GNSS-IR measurements, offering additional insights into the water level dynamics in
the study area. By integrating this data into our analysis, we can achieve a comprehensive un-
derstanding of the water levels and further enhance the accuracy and reliability of our research
findings.
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Chapter 4

Method

4.1 Periodogram Multiplication

In many previous studies, the focus has been on analyzing the long-term trends in water
surface height, which often involves daily data processing. However, in our study, the main
objective is to compare the results from GNSS-IR and satellite altimetry using Sentinel-3A.
Since Sentinel-3A passes over the Neckar river in less than one second, we only have a limited
amount of data available during each satellite pass. Consequently, we aim to find a method
that allows us to analyze the collected data with higher time resolution. This can be achieved
by multiplying the periodogram generated from LSP using a moving window.

After filtering the data based on a predefined azimuth and elevation range, we imple-
mented a time window approach with a specific duration (e.g. 30 minutes). This time window
was then systematically applied throughout the entire measurement period. Within each time
window, we extracted the SNR data and performed Lomb-Scargle Periodogram (LSP) analysis
separately for different signals received from different satellites. By multiplying the individual
periodograms obtained within each time window, we effectively combined the information
from multiple satellites with signals reflected from different directions and use it as the result
for the mid point in the chosen time window. This approach offered several advantages.
Firstly, it allowed us to reduce the influence of signals that were not actually reflected from the
water surface, enhancing the accuracy of the analysis. Secondly, it enabled us to capture the
height difference between the antenna phase center and the water surface, treating it as the
height at the midpoint of the time range. By shifting the time window and repeating this pro-
cess, we generated a time series with a higher time resolution. The resolution was determined
by the extent to which we moved the window for each iteration. This approach facilitated the
creation of a more detailed time series, allowing for a comprehensive comparison between the
GNSS-IR and satellite altimetry results with enhanced temporal resolution.

LSP can be regarded as a probability density function (VanderPlas, 2018), thus we are
able to use the interquartile range (IQR) for the multiplied periodogram as the accuracy
for water level at each single window. After that, we can compute the error for the whole
timeseries using error propagation.

In this specific example, we analyzed the data collected between 11:30 and 12:00 on March
15th, utilizing a time window of 30 minutes. With the antenna positioned approximately 3
meters above the water surface, our focus was on the frequency range between 2 and 6 meters.
During this time range, we observed signals from two GPS satellites and one Galileo satellite,
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resulting in a total of nine signals. Among these signals, the data from satellite G28 exhibited
poorer quality compared to the signals from the other two satellites. Additionally, the L1 signal
from satellite G31 appeared weaker than the other signals. To extract the desired information,
we performed a multiplication process on the nine individual periodograms obtained from
each signal, as illustrated in This multiplication revealed a prominent peak at
a height of approximately 2.67 meters, corresponding to the midpoint of the valid peaks
observed in The presence of this clear peak indicates a strong reflection from the
water surface at that specific height.
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% E21 E5A
>, 0.41 E21 ESB
E21 E5
0.2 1
0.0 =
2.00 2.67 3.00 4.00 5.00 6.00
height [m]
Figure 4.1: All Lomb Scargle periodogram from 11:30 to 12:00 on 15 March.
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Figure 4.2: Multiplied periodogram using the LSP in the light blue lines present the uncertainty range
using IQR.
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Indeed, there are instances where the analysis of the multiplied periodogram may not produce
a perfect result. An example of this can be seen in at 11:58, representing a time
window from 11:43 to 12:13. In this case, the peak location in the multiplied periodogram is
observed at a greater height than expected. This discrepancy can be attributed to the influence
of specific signals, such as E19 L1, E19 E5B, E19 E5, R02 L1, and R02 L2.

10 —— E19L1
ROZ L1
0.8 E21 L1
—— ROZ2 L2
=06 E21 E5A
s —— E19 E5B
% E21 E5B
204 E19 E5
E21 E5
0.2
__,-o-""'-f e [ ——
2.00 2.81 4.00 5.00 6.00

height [m]

Figure 4.3: In the Lomb-Scargle periodogram analysis conducted from 11:43 to 12:13 on 15 March, the resulting
peak in the multiplied periodogram diverged from the peaks observed in most of the original Lomb-Scargle
periodograms.

During the measurement period on February 16th, a time series was generated
using the rotated antenna GS25 and the analysis approach described earlier. By applying an
elevation range of 5 to 30 degrees and an azimuth range of 270 to 330 degrees, and utilizing
a time window with a length of 30 minutes, the resulting time series provided an estimation
of the water surface height variation throughout the measurement period. Each data point
(represeting each time window midpoint) in the time series represented the estimated height
at a specific time, based on the analysis of the GNSS-IR signals. If it becomes possible to
receive data from satellites across a larger azimuth range, a continuous time series can be
generated. With a sufficiently long observation, this time series could offer a high-resolution
representation of the temporal dynamics of the water surface height, enabling a detailed
examination of the fluctuations and trends within the Neckar River. Such insights would be
valuable for understanding the behavior of the water level during the specific measurement
period and beyond.
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Figure 4.4: Antenna height with errors over water surface time series of rotated antenna onl6 February using
azimuth range 270 to 330 degree, elevation range 5 to 30 degree and time window length 30 minutes

The estimated height between the antenna phase center and the water surface was approxi-
mately 2.91 meters. It is worth noting that the narrow range of azimuth and elevation angles
used in the filtering process resulted in significant data gaps within the time series. To address
this issue and fill in the gaps, it is possible to expand the range of the azimuth and elevation an-
gle filters. However, it is crucial to consider that increasing or decreasing the range may intro-
duce more errors, as it would include or exclude signals from a wider range of sources beyond
the water surface, especially when the environment is complicated. This potential trade-off be-
tween data completeness and reliability will be further investigated through iterative processes

with different settings, which will be discussed in detail in

4.2 Positioning

In this study, we employed an open-source software called PRIDEEI (Geng et al., 2019) to
conduct Precise Point Positioning (PPP) solutions for the provided RINEX file. The software
utilizes the WGS84 ellipsoid and calculates the coordinates in the ECEF (Earth Center Earth
Fixed) system with centimeter-level accuracy.

To obtain the ellipsoidal height, we applied a transformation method described in
The transformation allowed us to convert the ECEF coordinates to the ellipsoidal
height, providing a more meaningful representation of the vertical position.

For the majority of the measurement campaigns, the positioning point was not set at the
antenna phase center. Consequently, an offset needed to be considered when determining
the water level based on the antenna position. The antenna heights for each campaign are

provided in

1h’ctps: / / github.com/PrideLab/PRIDE-PPPAR
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Antenna | Positioning Phase Center
Date Number | Point Height Offset Height
1 287.45 0.20 287.65
11/08/2022 2 287.44 0.20 287.64
1 287.34 0.20 287.54
07/09/2022 2 287.47 0.20 287.67
1 287.39 0.20 287.59
04/10/2022 2 287.36 0.20 287.56
1 287.45 0.20 287.65
31/10/2022 2 287.47 0.20 287.67
1 287.41 0.20 287.61
27/11/2022 2 287.42 0.20 287.62
1 287.47 0.20 287.67
16/02/2023 3 287.23 0 287.23
1r 287.25 NaN 287.25
15/03/2023 1r NaN NaN 287.30
phase 1 3 287.50 0 287.50
15/03/2023 1r NaN NaN 287.29
phase 2 3 287.49 0 287.49

Table 4.1: Ellipsoidal antenna height of each measurement campaign in WGS84 frame, antenna 1 and 2 are Leica
GS15 antennas and 3 is an Leica GS25 Antenna. r means the antenna was rotated during the measurement.
Red marker means the height is calculated direct using the measured data from rotated antenna, which is very
inaccurate, blue marker means the height is determined using another antenna (see[Equation 3.1)
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Chapter 5

Results

5.1 Determine the Best Setting

Using the methods introduced by [chapter 4} we are able to generate water level time series dur-
ing the whole measurement campaign. To get the best results, we need to define the best config-
uration for our analysis including azimuth range, elevation range and time window length.

5.1.1 Azimuth Range

It is relatively easy to define the azimuth range, we can plot the first Fresnel Zone of our re-
ceivers since we are familier with the environment, approximate antenna height. Using the web
software from Roesler and Larson|(2018)[[] we plotted the first Fresnel Zone in

(c) Azimuth from 265 to 340 degree

(a) Azimuth from 270 to 330 degree (b) Azimuth from 250 to 350 degree

Figure 5.1: First Fresnel Zone in the location, yellow, blue, red ,green, cyan are for elevation 5,10,15,20,25 degree
approximate receiver height is set to 3 meter

The selection of the azimuth range is indeed a crucial factor in capturing valuable signals
while minimizing noise and unwanted reflections. Based on the observations in
it appears that choosing an azimuth range of 75 degrees, as shown in strikes a
reasonable balance between data availability and potential noise sources. In[Figure 5.1a where
only signals from a limited portion of the sky are tracked, there is a possibility of missing
valuable signals. On the other hand, in a wider azimuth range is used, but it

Thttps:/ / gnss-reflections.org /rzones
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includes signals from the riverbank and other areas that may introduce additional noise and
unwanted reflections. By selecting an azimuth range of 75 degrees, we have avoided the
signals from the riverbank while still capturing a significant portion of the available signals.
Although the yellow ellipse edge is close to the riverbank, it appears that this configuration
does not introduce significant noise or unwanted reflections.

However, it is important to note that the selection of the azimuth range is dependent on
the specific characteristics of the study area and the desired trade-off between data availability
and noise sources. It is always recommended to carefully evaluate the impact of different
azimuth ranges and adjust the configuration as needed based on the observed results and the
specific requirements of the study.

5.1.2 Elevation Range & Time Window Length

Both the elevation range and the time window length play significant roles in determining
the quality of our method, and therefore, it is crucial to consider these two parameters
simultaneously. For our analysis, we selected the observation data from September 7th to
conduct a test.

When searching for an appropriate elevation angle range, our primary focus was on
identifying the optimal maximum elevation. This is because signals from low elevation
angles are particularly valuable for GNSS-IR measurements. In the initial five campaigns,
we maintained an elevation filter of 10°, meaning that only signals with elevations higher
than 10° were included. To determine the best maximum elevation angle, we started with
25°, following the approach used in previous studies. We then gradually increased the angle,
testing each degree increment until reaching 50°. Given the proximity of our antenna to
the water surface, we expected that signals reflected at this elevation would predominantly
originate from the water surface itself.

The length of the time window is another critical parameter that significantly affects the
quality of our analysis. If the window is too short, there may not be enough data for the
Lomb-Scargle Periodogram (LSP) to accurately determine the correct height. On the other
hand, if the time window is too large, we face two challenges. Firstly, there may be a scarcity
of results, especially when we have limited observation data for a particular satellite. For
example, if we have only 45 minutes of observation from a single satellite and set a 45-minute
time window, we can only extract the height at one specific time point from that satellite.
Secondly, a larger time window corresponds to a longer satellite footprint track on the Earth’s
surface. Consequently, the height difference between the receiver and the reflection surface
varies over this extended time, which can adversely affect the LSP results. To determine the
optimal time window length, we began with a 15-minute window and incrementally increased
it by 1 minute until reaching 45 minutes.

Through analyzing the mean height, standard deviation, and the number of valid height
estimates, we can identify the best configuration for our final analysis.
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Figure 5.2: Mean water level using different maximum elevation angle and time window length for leveled receiver.
The gauge value is marked on the colorbar as red line.
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Figure 5.4: Point number using different maximum elevation angle and time window length for leveled receiver

In the water level based on the gauge measurement (284.51 m) is indicated on
the colorbar. The plot shows that when the time window is less than 30 minutes, there is a
significant difference between the mean value and the gauge value, and the standard deviation
is also larger, indicating a lack of stability in the time series. However, as the time window
increases to more than 35 minutes, the standard deviation initially decreases and then starts to
increase with higher maximum elevation angles. The standard deviation reaches its minimum
value around 32° maximum elevation, and the mean height at this elevation is also close to the
gauge value.

As shown in to minimize gaps in the time series, it is beneficial to increase
the maximum elevation angle and choose a shorter time window. This approach allows us to
utilize as much data as possible for the analysis. By increasing the maximum elevation angle,
we can capture signals from a wider range of elevation angles, leading to a more robust time
series. Similarly, selecting a shorter time window ensures that we produce a higher density of
data points from the analysis, reducing the occurrence of gaps in the time series.

In order to achieve better results and improve the accuracy and stability of our analysis,
it is important to consider all three performances. Based on the observations on 07 September
and considering the mean value and standard deviation, we have determined that a maximum
elevation angle of 32° and a time window length longer than 35 minutes yield more accurate
and reliable results. Additionally, selecting a maximum elevation angle of 39° allows us to
include more data points in the time series, further enhancing the quality of our analysis. These
parameters can also be applied to future observations to ensure consistency and comparability
in our results.

When using a rotated antenna, the quality of the signals improves, which allows for
more accurate measurements. To determine the optimal parameters for the observation on 16
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February, we examined the maximum elevation angle in the range of 30 to 60° and the time
window length from 30 to 45 minutes. As there was no gauge data available for that day, we
analyzed the standard deviation and point count, as shown in [Figure 5.5a| and [Figure 5.5b] It
is evident that the stability of the time series is significantly improved when using the rotated
antenna. The standard deviation is below 4 cm for elevations higher than approximately 40°.
To include more data in the analysis, we selected a maximum elevation angle of 60°, as signals
with higher elevation may still be reflected by the water surface. The time window length
does not have a significant impact on the results in this case, but for maximum point count, we
chose a relatively short window of 30 minutes.
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Figure 5.5: Standard deviation and points counting using different maximum elevation angle and time window
length for rotated receiver
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5.2.1 Time series from leveled Antennas

We initially leveled our receivers, similar to a standard GNSS observation for positioning pur-
poses. The collected data were then processed using the method described in[chapter 4} follow-
ing the data filtering based on the determined windows. The resulting time series are depicted
in [Figure 5.6 to [Figure 5.11] The stability and accuracy of the results could vary across the dif-
ferent campaigns, which can be attributed to the changing distribution of satellites each day.
As we receive signals from different directions each time it passes the area, the variations in
signal availability and noise levels can impact the accuracy of the results at certain time points.
The mean height and standard deviation for each time series are summarized inTable 5.1}
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Figure 5.6: Time series on 11 August 2022. Blue and red points are results from 2 antennes and the errors are
plotted by errorbar. The black points are water level measured from gauge.
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Figure 5.7: Time series on 07 September 2022. Blue and red points are results from 2 antennes and the errors are
plotted by errorbar. The black points are water level measured from gauge.
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Figure 5.8: Time series on 04 October 2022. Blue and red points are results from 2 antennes and the errors are
plotted by errorbar. The black points are water level measured from gauge.
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Figure 5.9: Time series on 31 October 2022. Blue and red points are results from 2 antennes and the errors are
plotted by errorbar. The black points are water level measured from gauge.
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Figure 5.10: Time series on 27 November 2022. Blue and orange points are results from 2 antennes. Blue and red
points are results from 2 antennes and the errors are plotted by errorbar. From this campaign, the gauge data is
not available anymore.
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Figure 5.11: Time series on 16 February 2023. Blue and orange points are results from 2 antennes.Blue and red
points are results from 2 antennes and the errors are plotted by errorbar. The gauge data is not available.
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Date receiver | gauge [m] | GNSS-IR mean [m] | GNSS-IR standard deviation [m]
11/08/22 | 284.483 i o2
07,/09/22 ; 284.507 ;gi:ié 8:84;
04/10/22 ; 284.499 ;Sié? 882
31/10/22 ; 284.493 ;gi:ig 81?
27/11/22 ; nan ;gi:gi 8:12
16/02/23 ; nan ggﬁ; 81;

Table 5.1: mean value and standard deviation of the time series from |Figure 5.6|to|Figure 5.11) gauge mean is also
provided when available at first 4 campaigns.

During the period from August to November, the observation accuracy and stability varied,
with some instances showing better results than others. However, the mean river surface
height remained relatively stable at around 284.5 m. With the exception of receiver 1 in August,
the standard deviation was below 20cm for all three geodetic GNSS receivers. Given the
challenging geometry of visible satellites in the Neckar river area, relying solely on the peak
value from the multiplied LSP periodogram can still yield incorrect results. However, by
considering consecutive points and taking the mean or median value of the time series, we
can make a more accurate estimation of the water level height within a single measument
campaign. This approach proves to be more reliable compared to direct LSP results in this
particular context.

To validate our results, we compared the water levels based on gauge measurements
with the corresponding time series from GNSS-IR, as shown in [Figure 5.6| to [Figure 5.91 We
observed that the water levels remained relatively stable during each campaign, which aligns
with our expectations. Furthermore, the water levels derived from GNSS-IR closely match
the gauge measurements. In we provide the mean water heights based on gauge
data. The small differences of several centimeters between the mean heights(maximum 7
centimeters) obtained from GNSS-IR and the gauge measurements fall within the standard
deviation of the time series.

5.2.2 Comparison of Time series from Leveled and Rotated Antennas

Despite our efforts to improve the data quality, the largest standard deviation of 20 cm is still
relatively high compared to other methods based on gauge. However, when we attempted
to rotate the antenna on February 16, 2023, for a duration of 2 hours, the resulting time series
showed remarkable stability, as depicted in[Figure 5.12} The standard deviation in this case was
reduced to 2 cm, which is a significant improvement compared to the results obtained with the
leveled antenna. To ensure that the improved stability was not solely due to exceptionally
strong signals during the 2-hour period, we conducted another campaign using both a leveled
antenna and a rotated antenna for comparison.



5.2 GNSS IR Result Quality 41

b
[=

W
w

receiver height over water [m]
I_\J L
un (]

™
e
RO
(¥
=

14:50 15:20 15:50 16:20
time

Figure 5.12: Time series generated from data measured with rotated Leica GS15 antenna on 16 February 2023.
Standard deviation is 3 cm

On March 15, 2023, we conducted measurements using both a rotated antenna and a leveled
antenna, allowing us to compare the results obtained from each setup. The time series gener-
ated from the rotated antenna, as shown in[Figure 5.13] appears to be visually more stable than
the time series from the leveled antenna. The results from leveled antenna also have higher
uncertainty. It is worth noting that around 11:40, a ship passed through the measuring area,
which is clearly visible in the time series generated from the rotated antenna. However, both
time series exhibit two large gaps with no observations, which is due to the absence of visible
satellites during those periods.
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Figure 5.13: Time series generated from data measured with rotated Leica GS15 antenna and leveled Leica GS25
on 16 February 2023. Blue points are for rotated antenna while orange one for leveled receiver

In we provide the mean height and standard deviation for the time series obtained
from the rotated antenna and the leveled antenna. We observe that the time series from the
rotated antenna has a significantly smaller standard deviation compared to the leveled antenna.
However, the standard deviation is still higher compared to the results obtained on February
16. It is worth noting that there are some anomalies in the data. For example, around 11:40,
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a ship passed through the river section. Additionally, there is an anomaly around 8:20, which
may be attributed to poor satellite geometry during that time.

mean height [m] | standard deviation [m]
leveled antenna 284.58 0.15
rotated antenna 284.58 0.06

Table 5.2: mean height and standard deviation of the 2 time series demonstrated in |Figure 5.13

5.2.3 Comparison of GNSS-IR and Sentinel-3A

In[Figure 5.14{to [Figure 5.20, we present the satellite altimetry results for the Neckar River. It is
evident that using satellite altimetry for a narrow river like the Neckar poses significant chal-
lenges. On February 16, no valid signals were received, indicating the difficulty in obtaining
accurate measurements in such environments. On September 7, none of the retrackers pro-
duced results that closely matched the mean water level from gauge. This may be due to the
inability of the software to find valid waveforms or the tracking of signals that are similar but
not actually from the water surface. In|Figure 5.15/and [Figure 5.18} the OCEP and ICES retrack-
ers did not yield satisfactory results on the returned signals. However, the other five retrackers
(Ocean(SAR), OCOG(SAR), Ice(LRM), Ice-sheet(LRM), and Sea-Ice(SAR)) demonstrated better
performance. For example, the ISS retracker accurately determined water levels on October 31
and November 11. However, it should be noted that these retrackers still exhibit some errors
and variability in their water level estimations. Overall, the satellite altimetry results show the
challenges associated with accurately measuring water levels in a narrow river like the Neckar.
The performance of different retrackers varies, and careful analysis and consideration are re-
quired when interpreting the results.
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Figure 5.14: Ellisoidal water level from satellite altimetry with ocean retracker of SAR mode in WGS84 frame. The
blue points are the water level measured from Sentinel-3A and yellow line is for mean value from the available
gauge data.
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Figure 5.15: Ellisoidal water level from satellite altimetry with ocean retracker of LRM mode in WGS84 frame. The
blue points are the water level measured from Sentinel-3A and yellow line is for mean value from the available

gauge data. The only result from this retracker is too far away from the water level measured from gauge.
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Figure 5.16: Ellisoidal water level from satellite altimetry with OCOG of SAR mode in WGS84 frame. The blue
points are the water level measured from Sentinel-3A and yellow line is for mean value from the available gauge

data.
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Figure 5.17: Ellisoidal water level from satellite altimetry with ice retracker of LRM mode in WGS84 frame. The
blue points are the water level measured from Sentinel-3A and yellow line is for mean value from the available

gauge data.
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Figure 5.18: Ellisoidal water level from satellite altimetry with ice sheet retracker of SAR mode in WGS84 frame.
Yellow line is for mean value from the available gauge data. There is no data from satellite on this day for this

areaq.
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Figure 5.19: Ellisoidal water level from satellite altimetry with ice-sheet retracker of LRM mode in WGS84 frame.
The blue points are the water level measured from Sentinel-3A and yellow line is for mean value from the
available gauge data.
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Figure 5.20: Ellisoidal water level from satellite altimetry with sea ice retracker of SAR mode in WGS84 frame.
The blue points are the water level measured from Sentinel-3A and yellow line is for mean value from the
available gauge data.

To validate the satellite altimetry results, we compared them to the mean height obtained from
both receivers during the entire measurement campaign. If the satellite altimetry result fell
within the range of 43 standard deviations () of the mean height, it was considered a valid re-
sult. This approach helps to assess the agreement between the satellite altimetry measurements
and the GNSS-IR measurements from the receivers. By applying this validation criterion, we
can identify which satellite altimetry results are consistent with the GNSS-IR measurements
and fall within an acceptable range of variability. This allows us to evaluate the accuracy and
reliability of the satellite altimetry data in relation to the GNSS-IR measurements.

honss R — 30GNSS IR < Hyalid altimetry < HGNsS IR + 30GNSS IR (6.1)

Using the criterion above we can exclude 2 retrackers which don’t provide valid results. In
order to assess the performance of rest retrackers, we have compiled the number of valid
water level results and the mean values obtained from each retracker in[Table 5.3land
respectively. These numbers are demonstrated in graphiclly together with gauge
value and GNSS-IR results. In we present the difference between the GNSS-IR mean
and satellite altimetry mean. They provide an overview of the performance of each retracker
in terms of the quantity and accuracy of the water level measurements. From [Table 5.3| we see
that the OCOG retrackers has the most consistant performance since it returns the valid results,
no matter other retrackers computes valid water levels or not. When all retrackers are able
to give the valid numbers in one measurement, OCOG has the most result. and
shows the mean of each retracker at every single measurement and accuracy of these
retrackers. The water levels from altimetry are higher than from GNSS-IR for all retrackers
in every campaign. This offset is in the order of several decimeters for most retrackers. In
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it can be seen that OCOG of SAR nad Ice-sheet of LRM are more close to the water
level measured from GNSS-IR, the OCOG is from 0.03 to 0.17 meter higher than GNSS-IR
result and Ice-sheet from 0.07 to 0.24 while the other retrackers are more than 20 centimeter
higher, also indicating the existance of this offset, though it is unclear whether it is a general
characteristic or specific to the Neckar environment because the offset from each retracker is
also different from about 0.1 to 0.4 meters.

The better performance of the OCOG retracker suggests that there is room for improve-
ment in the algorithms used by the other retrackers. These findings highlight the potential for
further refining the retracking algorithms to enhance the accuracy and reliability of satellite
altimetry measurements, particularly in challenging environments such as the Neckar River.

Ocean of SAR | OCOG of SAR | Ice of LRM | Ice-sheet of LRM | Sea ice of SAR
11/08 2/3 2/3 0/3 3/3 2/3
07/09 0/5 0/5 0/5 0/5 0/5
04/10 0/4 1/4 0/4 0/4 0/4
31/10 2/5 3/5 0/5 0/5 1/5
27/11 3/4 4/4 2/4 2/4 2/4
16/02 0/0 0/0 0/0 0/0 0/0
15/03 1/1 1/1 0/1 1/1 1/1
Table 5.3: valid result number of 5 retrackers
Ocean of SAR | OCOG of SAR | Ice of LRM | Ice-sheet of LRM | Sea ice of SAR
11/08 284.80 284.60 nan 284.70 284.88
07/09 nan nan nan nan nan
04/10 nan 284.64 nan nan nan
31/10 284.83 284.71 nan nan 284.94
27/11 284.85 284.75 284.94 284.65 284.99
16/02 nan nan nan nan nan
15/03 284.83 284.64 nan 284.75 284.94
Table 5.4: mean of the valid result of 5 retrackers [m]
Date | Ocean of SAR | OCOG of SAR | Ice of LRM | Ice-sheet of LRM | Sea ice of SAR
11/08 0.23 0.03 nan 0.13 0.31
07/09 nan nan nan nan nan
04/10 nan 0.17 nan nan nan
31/10 0.29 0.17 nan nan 0.40
27/11 0.27 0.17 0.36 0.07 0.41
16/02 nan nan nan nan nan
15/03 0.32 0.13 nan 0.24 0.43

Table 5.5: Difference between the satellite altimetry and GNSS-IR[m]
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Figure 5.21: Overview of the performance of each retracker, the blue points with errorbar state the mean of each
measurements with one standard deviation range, and black points are the available gauge value.
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Chapter 6

Conclusion and Outlook

6.1 Conclusion

6.1.1 Measurement Summary

Due to the challenging environment of the Neckar River, we have made several adjustments to
our measurement location and principles in order to obtain more accurate results. We would
also like to summarize our experiences to benefit future GNSS-IR research and studies.

The main objective is to receive as many valid signals as possible. When selecting our
measurement location, we must consider how we can increase the valid azimuth and elevation
range, especially for smaller bodies of water like the Neckar River. Ideally, the receiver would
be positioned in the center of the water body to capture signals from all visible satellites, but
in reality, we need to find a location with a clear view of the water. For larger bodies of water,
such as the GNSS-IR station at Friday Harbor, we can aim for a location where signals can be
received in an azimuth range of approximately 270 degrees, or even set up the station on a
straight lakeshore, riverbank, or seashore to capture signals from half of the sky. For smaller
rivers, we must be more cautious, as simply placing antennas along the riverside may not cap-
ture reflected signals at low elevation angles, which are crucial in GNSS-IR studies. The best
approach is to locate an island in the water, where we are allowed to take measurements at the
center of the water body. Similarly, we should avoid bend sections of rivers for the same reason.

Another option is to mount the GNSS antenna on a bridge, but this may not be feasible
for narrow rivers. The higher position of the antenna means that the reflected signal points are
further away, which could affect the analysis later on: in order to use the signals reflected by
the water surface in our analysis, we must choose a smaller azimuth range than data collected
by an antenna at the same location but with a lower height. Although signals from high
elevation angles may not be as useful as those from low elevation angles, we still include them
in our final analysis. To achieve this, the antenna should be placed as close to the water as
possible.

Some studies have used low-cost GNSS antennas to obtain better SNR data. While we
have not tested this possibility, we have demonstrated that even with a geodetic GNSS
antenna, it is possible to obtain excellent data by rotating the antenna. There are no strict rules
on how many degrees the antenna should be rotated, as several factors must be considered:



48 Chapter 6 Conclusion and Outlook

* We need to ensure that the side of the antenna that receives the signal is oriented towards
the water.

¢ Supporting measurements are necessary to determine the absolute height of the antenna
phase center. Another GNSS antenna can be helpful, or the rotated antenna can be placed
near a height reference if possible.

In addition, it’s important to avoid river sections that are crowded with boats or other objects.
In environments with many trees or tall buildings, it can be difficult to determine the source of
the reflected signals, so it’s best to steer clear of these areas.

When beginning the measurements, there are several things to double-check.

* Some antennas filter out signals with low elevation angles, so it’s important to ensure
that this setting is deactivated.

¢ Use higher sample rate.
* Make sure to allow the antenna to track all possible signals.

¢ If you choose to maintain a normal position instead of rotating the receiver, it is important
to document the offset between the positioning point and the phase center, note that this
offset can vary for different signals.

e If possible, document the time when large objects such as boats pass by, as this can make
the analysis much easier later on.

Another important factor that cannot be neglected, although unrelated to the quality of the
measurements, is power. The length of time that the power lasts directly affects how much
data we can collect during a single campaign.

6.1.2 Conclusion of Results

Based on the findings presented in the previous chapters, it is evident that GNSS-IR can
serve as a reliable method for measuring water levels, even in challenging environments.
The technique has demonstrated its capability to validate satellite altimetry measurements,
such as those provided by the Sentinel-3 mission. With appropriate equipment and suitable
measurement locations, GNSS-IR can achieve sub cecimeter-level accuracy, even in complex
and dynamic environments.

GNSS-IR offers several advantages, including its versatility and potential as a replace-
ment for traditional methods such as satellite altimetry and gauges. In cases where satellite
altimetry may face limitations or fail to provide accurate measurements, GNSS-IR can offer
a robust alternative. Additionally, GNSS-IR can overcome the challenges associated with
building and maintaining gauging stations in remote or inaccessible areas.

The altimetry results from the Sentinel-3 mission were found to be generally close to
GNSS-IR results. The difference between the best OCOG retracker and GNSS-IR is lower
than 0.2 meters and sometimes even 0.03 meters with good waveforms. The Ice-sheet of
LRM is the second good retrackers in this case. It is important to carefully select the retracker
algorithm to ensure accurate results, especially for small water bodies. In the study, the OCOG
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retracker was determined to be the most suitable for the Neckar River in the Stuttgart area.
GNSS-IR can be trusted to measure the water level and therefore be used to validate the
satellite altimetry based on accuracy and flexibility. Nevertheless, it is worth noting that an
offset correction is still required to achieve optimal accuracy for satellite altimetry according
to our study. This offset is different for different retrackers and the reason of this offset needs
further investigation.

Overall, the combination of GNSS-IR and satellite altimetry provides a comprehensive
and reliable approach for water level monitoring and validation. By leveraging the strengths
of both techniques, researchers and water resource managers can gain valuable insights
into water dynamics and improve our understanding of hydrological processes in various
environments.

6.2 Outlook

There are indeed several areas for improvement in this work, and further research and ex-
ploration can contribute to enhancing the methodology and results. Here are some potential
avenues for improvement:

* Relationship between azimuth and elevation range: Finding the optimal relationship be-
tween azimuth and elevation range filters can be a valuable step. Exploring different
configurations and conducting thorough analyses can help define the best approach for
assigning azimuth ranges based on elevation angles.

¢ Accuracy assessment: Developing a robust and reliable method for assessing the accuracy
of the results is crucial. Exploring different approaches, such as comparing the results
with ground truth data or using statistical measures, can provide a more comprehensive
understanding of the accuracy and reliability of the GNSS-IR measurements.

¢ Inclusion of other navigation systems: Expanding the analysis to include signals from
other navigation systems, such as Beidou, can increase the number of available signals
and improve the accuracy and reliability of the GNSS-IR measurements. Investigating
the compatibility and performance of these additional signals can enhance the overall
capability of the method.

¢ Evaluation of low-cost GNSS receivers: Comparing the performance of low-cost GNSS
receivers with traditional geodetic equipment can provide valuable insights into their
suitability for GNSS-IR measurements. This evaluation can help determine the feasibility
and cost-effectiveness of using low-cost receivers in future studies.

By addressing these areas for improvement, the GNSS-IR methodology can be further refined
and enhanced, leading to more accurate and reliable measurements of environmental parame-
ters and facilitating their comparison with other measurement techniques.

Finally, the retracking algorithm for satellite altimetry, such as Sentinel-3A, is an area
that can benefit from further improvements. Despite the advancements made in retracking
techniques, there are still challenges and limitations that need to be addressed.
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Appendix A
Transformation

The coordinates from PRIDE are in ellipsoidal coordinate system WGS84 (x, y and z) and need
to be transformed in geodetic longitude A, latitude ¢ and height #. We present this process
below: The longitude A can be simply calculated by:

A = arctan <%) (A1)

The latitude ¢ and height &, however have to be calculated with iteration. We first calculate 2

start values:
po = /x*+y? (A.2)

@o = arctan (;0 (1- 62)1> (A.3)

After that, we do the following calculation literately, until d¢ is smaller than the threshold:

[ = \/LZZ -cos? (o) + b2 - sin® (o) (A4)
N = ”Zz (A.5)

N
h= o N (A.6)

-1

@ = arctan ;O . (1 — e <Nzih>> > (A7)
dg = |o — ¢ol (A.8)
Po=¢ (A.9)

where a, b and e are semi-major axis, semi-minor axis and eccentricity of the reference ellip-
soid.
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Appendix B
First Fresnel Zone

We start with A for wavelength, / for antenna height over reflection surface, and ¢ and « for
satellite elevation angle and azimuth, then the first Fresnel Zone dimensions are:

d=7 (B.1)
h 4
R=_— 8¢ B.2
tane + tane (B2)
h d
b=2-d- Sine + sinle (B.3)
b

Where a and b are semi-major and semi-minor axis of the ellipse. Its perimeter can be dis-
cretized as function of the inner angle ¢ € [0, 271]

x' =acos®+R (B.5)
y' =bsind (B.6)

And the semi-major axis is finally aligned with the satellite azimuth in local coordinate sys-
tem:

= sin (a) x" — cos (a) ' (B.7)
y =sin(a)y' + cos (a) x’ (B.8)
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Appendix C

TEQC

C.1 Translation

The data binary format from Leica antenna is mdb, thus the command for the translation is:

teqc.exe —lei mdb -st yyyy_mm_dd:HH:MM:SS -e yyyy_mm_dd:HH:MM: SS
+0bs XXXXXXXX.220 +nav XXXXXXXX.22N,XXXXXXXX.22g, XXXXXXxx.22d,
xxxxxxxx.221 +C2 +L5 +L6 +L7 +L8 binaryfile .m00

The option "-lei mdb" in the command refers to the Leica mdb format. The time specified after
"-st" and "-e" represents the approximate start and end times of the measurement. The options
"+obs" and "+nav" indicate the generated RINEX observation file and ephemeris file names,
respectively. The additional options "+C2", "+L5", "+L6", "+L7", and "+L8" are used to extract
the associated data, such as the L8 signal for Galileo E5. These options allow for the selective
extraction of specific data types from the input files during the conversion process.

C.2 Elevation, Azimuth and SNR Extracting

After generating the RINEX file using Teqc, the software offers a quality check function that
allows us to calculate the elevation and azimuth angles, as well as extract the signal-to-noise
ratio (SNR) data.

teqc.exe +qc +plot —nav xxxxxxxx.22n, XXXXXXxx.22g,
XXXXXXXX.22 1 XXXXXXXX.220 > XXXXXXXX.(qC

The provided command above allows for quality checking using Teqc. After inputting the
RINEX files (observation and ephemeris), a quality report file will be generated, documenting
the quality assessment of the RINEX data. By adding the argument "+plot" to the command,
Teqc will generate additional files known as "compact files" with extensions such as ele, azi, sn1,
sn2, sn5, etc. These compact files contain the recorded elevation, azimuth, and corresponding
SNR data.
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