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Abstract

The developments in Global Navigation Satellite Systems (GNSS) and Regional Navigation Satel-
lite Systems(RNSS) have given rise to various application areas beyond the conventional Position-
ing, Navigation and Timing (PNT) services. The GNSS L-band frequency signals can be used as an
inexpensive and a passive remote sensing technique called GNSS Reflectometry (GNSS-R). Several
satellite mission, ground-based and spaceborne experiments have demonstrated the practicality
of retrieving the FEarth’s geophysical parameters using the GNSS-R technique. The application
of the GNSS-R technique is expanded to soil moisture estimation, vegetation cover, snow depth

measurement, wind speed retrieval, and many more.

Over the last few years, the use of GNSS signals in passive bistatic or multi-static radar
configurations has been researched for Earth surface remote sensing and hence capitalizing on the
availability of freely accessible GNSS signals to observe various Earth-surface characteristics. The
existing research on GNSS-R research is primarily focused on the use of GPS, Galileo, BeiDou
and GLONASS signals. Expanding upon this foundation, the present research aims to utilize
signals from the Indian Regional Navigation Satellite System (NavIC) alongside GPS-L1 signals
to advance remote sensing applications. The PhD thesis is focused on developing and assessing
the capability of a Software Defined Radio (SDR) based GNSS-R receiver for studying the multi-
constellation and multi-frequency direct and reflected GNSS and RNSS signals for remote sensing
applications. The thesis broadly addresses three research problems related to GNSS-R. Firstly,
this thesis addresses the compression of large GNSS-Reflectometry (GNSS-R) datasets which is a
critical step to minimize the onboard storage resources required by the payload. Secondly, this

thesis explores target tracking using the GNSS-R techniques from the state estimation perspective



and the analysis of Doppler frequency bound for NavIC-L5 multipath signals. These calculations
are crucial for signal acquisition and the accurate determination of reflection points, enhancing
the precision of surface property measurements and other geophysical parameters derived from
GNSS-R data. Lastly, this research includes the design of an antenna tailored for GNSS-R appli-
cations, as well as the development of a Software-Defined Radio (SDR)-based receiver for GNSS-R
reflectometry. The commercial off-the-shelf (COTS) GNSS/RNSS receivers cannot perform the
necessary computations and do not provide flexibility in customization for reflectometry as per the
user’s needs. Therefore, developing a custom antenna and receiver capable of processing reflected

signals is essential.

This work is also a proof-of-concept of using NavIC-L5 signals for reflectometry. The
proposed receiver’s functionality is demonstrated through field experiments and verified using
numerical simulation and a HIL simulator testbed. The field experiments are performed using
the designed receiver to obtain the DDM using the GPS-L1 and NavIC-L5 signals. The field
experiment results show that the proposed receiver is capable of receiving both direct (RHCP)
and reflected (LHCP) GPS-L1 and NavIC-L5 RF signals and processing them into DDMs for
performing reflectometry. The proposed receiver has a compact size and low power requirement
and hence is suitable for performing remote sensing by using it as an air-borne or spaceborne

GNSS-R receiver if radiation hardened.
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The advancements in Global Navigation Satellite Systems (GNSS) and Regional Navi-
gation Satellite Systems (RNSS) have significantly expanded their applications beyond the con-
ventional domain of Positioning, Navigation, and Timing (PNT) services. GNSS is a generalized
term that encompasses both global and regional satellite constellations, which collectively provide
critical PNT services for a wide range of applications. The GNSS constellation is broadly classified
into global and regional systems, as shown in Fig. 1.1. The global satellite constellations include
the Global Positioning System (GPS) operated by the United States, Galileo developed by the Eu-
ropean Union, Russia’s GLONASS, and China’s BeiDou system. Operated by the United States,
GPS is the most widely used GNSS system, with a constellation consisting of 31 operational satel-
lites in Medium Earth Orbit (MEO). These satellites are arranged in six orbital planes to ensure
continuous global coverage. Galileo is another state-of-the-art system developed by the European
Union. It is designed for civilian and commercial applications, offering high-precision positioning.
It currently has 24 operational satellites, with plans to expand to a total of 30 satellites, including
in-orbit spares. GLONASS is the second-oldest GNSS system and serves both civilian and mili-
tary users. It comprises of 24 operational satellites, distributed in three orbital planes, providing
global coverage. BeiDou constellation is developed by China and it offers global coverage with a
diverse satellite network comprising 35 operational satellites, including satellites in geostationary
orbit (GEQO), inclined geosynchronous orbit (IGSO), and MEO. These constellations are designed
to provide seamless signal coverage across the globe. On the other hand, the regional satellite
constellations cater to specific geographical areas and include India’s Navigation with Indian Con-
stellation (NavIC) and Japan’s Quasi-Zenith Satellite System (QZSS), which are optimized for
their respective regions and hence provide regional coverage only. NavIC is developed and oper-
ated by the Indian Space Research Organisation (ISRO). It consists of 7 operational satellites in
GEO and IGSO, primarily providing coverage over India and surrounding regions. An expansion
plan is underway to enhance its capabilities. On the other hand, QZSS is designed to enhance GPS
performance in the Asia-Pacific region, particularly in Japan. It currently comprises 4 operational
satellites in highly inclined geosynchronous orbits, with plans to expand to a total of 7 satellites

by 2025.

The signals transmitted by GNSS satellites, primarily in the L-band frequency range [1],
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Figure 1.1: GNSS Constellations

have paved the way for innovative and cost-effective remote sensing techniques such as GNSS Re-
flectometry (GNSS-R) [2, 3]. GNSS-R leverages these existing navigation signals in a bistatic radar
configuration, utilizing the satellite as the transmitter and a separate receiver, typically positioned
on a platform such as a Low Earth Orbit (LEO) satellite [4, 5], Unmanned Aerial Vehicle (UAV)
[6, 7], or drone. This passive sensing approach eliminates the need for dedicated transmitter equip-
ment, making it a cost-effective alternative to traditional radar [8] and imaging [9] techniques that
rely on active transmitter-receiver configurations. The increasing number of satellites in GNSS and
RNSS constellations has resulted in enhanced signal availability, with navigation signals accessible
globally [2] and continuously throughout the day. This continuous availability provides a robust
foundation for leveraging GNSS signals for remote sensing applications. Over the past few decades,
GNSS-R has emerged as a promising tool for Earth observation, complementing traditional remote
sensing techniques and manual field measurements. The use of GNSS signals in bistatic radar con-
figurations [10, 11] has been extensively researched for Earth surface remote sensing. Originally,
GNSS-R research was primarily focused on altimetry applications [12, 13], such as measuring sea
surface height. However, the scope of GNSS-R has expanded significantly, now encompassing a
diverse range of applications. These include snow depth retrieval [14, 15], soil moisture estima-
tion [16, 17], sea surface variation monitoring, wind speed [18] and direction measurement, wetland

studies [19], sea-target detection [20, 21], and many others. The ability to repurpose existing GNSS



signals for remote sensing offers numerous advantages, such as cost-efficiency, global coverage, and

passive operation, making it a valuable addition to Earth observation methodologies.

The GNSS-R technique has been validated through numerous airborne [22, 6] and space-
borne [23, 24] experiments, demonstrating its effectiveness in deriving geophysical parameters of
the Earth’s surface [25]. Traditional remote sensing techniques, such as synthetic aperture radar
(SAR) and imaging systems, often involve high operational costs due to the need for dedicated
transmitter systems and complex infrastructure. In contrast, GNSS-R relies solely on a receiver to
capture and analyze reflected GNSS signals, leveraging the already deployed navigation satellites
as transmitters. This simplicity and cost-effectiveness make GNSS-R an attractive alternative,
particularly for applications requiring frequent and extensive data collection. With the prolifera-
tion of GNSS and RNSS constellations, the GNSS-R method is well-positioned to play a critical
role in addressing contemporary challenges in Earth observation, including monitoring climate
change, managing natural resources, and enhancing disaster response mechanisms. In conclusion,
the developments in GNSS and RNSS have not only enhanced PNT services but have also un-
locked innovative applications in remote sensing, such as GNSS-R. The widespread availability of
navigation signals, coupled with the cost-effective and passive nature of GNSS-R, has made it a
transformative tool for Earth observation. Its growing range of applications underscores its poten-
tial to complement and, in some cases, surpass traditional remote sensing techniques, solidifying its

position as a pivotal technology for studying and understanding the Earth’s geophysical processes.

1.1 Importance of Earth’s Surface Remote Sensing

1.1.1 What is Remote Sensing?

Remote sensing is a powerful and versatile technique for acquiring data and information about a
phenomenon or territory without the need for direct contact. It involves observing and measuring
various characteristics of the Earth and other planetary bodies through remote sensors mounted
on satellites, aircraft, or emerging platforms such as drones. These sensors detect and record re-

flected, emitted, or scattered energy, primarily electromagnetic radiation (EMR), from the target



of interest. Remote sensing enables the collection of high-resolution spatial and temporal data
across vast areas, offering a unique perspective that is difficult to achieve through traditional in-
situ observation methods. The growing adoption of drone-based remote sensing systems highlights
its capability to provide high-resolution data in real time, facilitating rapid and precise monitoring
of localized phenomena. At its core, remote sensing revolves around the detection and analysis
of EMR across various wavelengths, including visible light, infrared, microwave, and other regions
of the spectrum. This radiation carries valuable information about the physical, chemical, and
biological properties of the observed object or area. For instance, vegetation health can be moni-
tored by analysing the reflection of visible and near-infrared radiation, while thermal sensors can
detect heat signatures to study land surface temperature or urban heat islands. By translating
these measurements into actionable insights, remote sensing has become an indispensable tool in

numerous scientific, industrial, and societal domains.

Remote sensing provides a critical alternative to in-situ [26] observation methods by of-
fering a global perspective and the ability to monitor inaccessible or hazardous regions. Unlike
traditional ground-based approaches, which can be time-consuming, costly, and limited in spatial
extent, remote sensing provides comprehensive coverage that transcends geographical and political
boundaries. This capability is especially valuable for applications such as disaster management,
where timely and accurate data is essential for effective response and recovery. For example, satel-
lite imagery can be used to assess flood extent, wildfire damage, or earthquake impacts, enabling
authorities to allocate resources efficiently and mitigate risks. Similarly, remote sensing is widely
employed in environmental monitoring to track deforestation, glacier retreat, urban expansion,
and air pollution levels. The scope of remote sensing spans a wide range of disciplines, including
geography, hydrology, ecology, meteorology, oceanography, geology, and agricultural sciences [27].
In geography, remote sensing is used to map land use and land cover changes, while in hydrology,
it supports the monitoring of water resources, including surface water dynamics and groundwater
depletion. In ecology, it aids in tracking biodiversity, habitat loss, and ecosystem health. Me-
teorological applications include weather prediction and climate monitoring, while oceanography
benefits from remote sensing techniques to study sea surface temperature, ocean currents, and

marine ecosystems. In geology, it is used for mineral exploration, seismic risk assessment, and



mapping geological structures. One of the most significant advantages of remote sensing lies in
its ability to provide timely, accurate, and cost-effective information, which is critical for informed
decision-making in various fields. By offering a synoptic view of the Earth’s surface and beyond,
remote sensing facilitates large-scale monitoring, assessment, and management of natural and an-
thropogenic systems. For instance, agricultural monitoring using remote sensing allows farmers to
optimize crop yields by assessing soil moisture, nutrient content, and plant health. Similarly, urban
planners rely on remote sensing data to analyse urban growth patterns, manage infrastructure, and

plan sustainable development.

The societal impact of remote sensing is profound, as it supports scientific research, policy
formulation, and sustainable development goals. For instance, remote sensing plays a key role in
climate change research by monitoring carbon emissions, greenhouse gas concentrations, and the
impacts of global warming on ecosystems. It also fosters innovation by enabling the development of
advanced algorithms, machine-learning techniques, and geospatial technologies for data processing
and analysis. Furthermore, remote sensing promotes international collaboration by providing a
shared platform for addressing global challenges, such as disaster risk reduction, food security,
and environmental conservation. In conclusion, remote sensing is a transformative technology that
has revolutionized the way we observe, understand, and manage the Earth and its resources. Its
ability to collect high-resolution, multi-spectral, and real-time data over vast areas makes it an
indispensable tool for scientific research, policy-making, and societal progress. As advancements in
sensor technology, data processing, and analytical methods continue to evolve, remote sensing will
play an even more pivotal role in addressing emerging global challenges and fostering a sustainable

future.

1.1.2 Importance of Space-based Remote sensing

Climate change is an urgent and long-term challenge that humanity faces, demanding immedi-
ate attention and innovative solutions. Space technology, particularly Earth observation systems,
plays a pivotal role in comprehending and addressing this global crisis [28, 29]. These technologies

have enabled a more precise understanding of climate change and its underlying drivers, while also



fostering innovations that benefit the environment and help mitigate its impacts. Satellite-based
data has become a cornerstone for studying global climate change trends, which are worsening at
an alarming rate. This data provides invaluable insights into Essential Climate Variables (ECVs)
[30], which encompass atmospheric, land, and oceanic parameters that exhibit spatial and temporal
variations. By monitoring these ECVs, scientists can gain a deeper understanding of the dynamics
driving climate change and its cascading effects on ecosystems and human societies. Earth obser-
vation and meteorological data are indispensable for analyzing and monitoring climate change, as
well as for developing predictive models and actionable strategies. With advancements in imaging
and microwave remote sensing technologies [31, 32, 33|, a wealth of satellite data is now available
to monitor key indicators of climate change. These datasets offer detailed, frequent, and global
coverage, enabling a more comprehensive analysis of soil conditions, crop health, water resources,
land use, and climate patterns. Such insights are vital for evidence-based decision-making in crit-
ical sectors like agriculture, forestry, marine studies, and urban planning. Additionally, satellite
observations [34] facilitate better understanding of shifting weather patterns and provide early
warnings for natural disasters such as floods, droughts, tsunamis [35] and cyclones [36], helping

communities prepare and respond effectively.

Traditional ground-based observation methods and emerging remote-sensing technologies
both contribute to climate change research. However, ground-based observations are often lim-
ited by their point-based nature and sparse spatial coverage, restricting their ability to provide a
holistic view of the Earth’s changing climate. In contrast, spaceborne remote sensing, including
GNSS-Reflectometry (GNSS-R), offers significant advantages. Spaceborne GNSS-R provides wide-
area coverage and the ability to monitor medium- and large-scale phenomena such as ocean eddies,
hurricanes, and tsunamis. Unlike ground-based systems that collect data at fixed intervals, satellite
systems enable continuous, global-scale monitoring, significantly enhancing the understanding of
climate processes and their interactions. Despite these advancements, satellite data is not without
limitations. Sensor biases, retrieval algorithm errors, and inconsistencies across different satellite
missions can introduce uncertainties in the data. These challenges underscore the need for contin-
uous improvement in data processing techniques and calibration methods. Nonetheless, satellite

remote sensing has revolutionized climate science by enabling the quantification of spatio-temporal



changes in the atmosphere, land, and oceans. This has provided a critical foundation for studying
climate change and developing adaptive measures to address its impacts, ensuring that society can

respond more effectively to this pressing global issue.

1.2 Various Remote Sensing Technique

Over the years, remote sensing technology has evolved into a critical tool for scientific exploration
and practical applications across diverse fields such as agriculture, meteorology, environmental
monitoring, disaster management, and urban planning. By providing high-resolution spatial and
temporal data, remote sensing has enabled more precise analysis and decision-making in these do-
mains. Advanced satellite missions, such as RADARSAT [37], TerraSAR-X [38], SRTM, EOSDA,
ERS, Sentinel [39], and LANDSAT [40], have been pivotal in generating reliable datasets for Earth
observation. These missions have contributed significantly to a wide range of applications, includ-
ing crop health monitoring, climate modeling, biodiversity conservation, and mapping land-use
changes. For instance, LANDSAT data has been instrumental in detecting deforestation trends,
while TerraSAR-X and RADARSAT provide high-resolution radar imagery for applications like

flood mapping and ice monitoring in polar regions.

Remote sensing techniques can be broadly categorized into three approaches [41]: active,
passive, and bistatic. Each of these techniques offers unique capabilities and serves specific scientific
and practical applications. Active remote sensing systems, such as synthetic aperture radar (SAR),
emit their own electromagnetic signals and measure the reflected energy from the Earth’s surface.
Passive remote sensing systems, on the other hand, rely on natural sources of radiation, such as
sunlight, to detect reflected or emitted energy from the Earth’s surface. Bistatic remote sensing is
a relatively newer approach that involves using separate transmitter and receiver systems, which
may be located on different platforms. This technique is particularly advantageous for applications
requiring high sensitivity to surface properties and scattering characteristics. The basic idea of
these three remote sensing techniques is shown in Fig. 3.1 and is explained in detail in the next

section.
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Figure 1.2: Different remote sensing technique

1.2.1 Active Remote Sensing

Active remote sensing is a powerful and versatile remote sensing technique in which sensors actively
emit their own energy towards a target and measure the energy reflected or backscattered from it.
This method, as illustrated in Fig. 1.2a, differs significantly from passive remote sensing, which
relies on naturally occurring energy sources such as sunlight. Active remote sensing operates
independently of natural light conditions, making it highly effective for data collection during the
day or night. This capability makes active sensors invaluable in environments with low visibility
or limited natural illumination, such as polar regions or during nighttime operations. Active
sensors encompass a range of advanced technologies, including radar systems, laser altimeters, and

scatterometers, each tailored for specific applications and offering unique capabilities.

Radar (Radio Detection and Ranging) is one of the most widely used active remote sensing
technologies. It operates by emitting radio frequency signals toward a target and measuring the
time delay and strength of the returned signal. By analyzing these parameters, radar can determine
the range, location, and motion of objects with high precision. Radar systems are particularly
useful for mapping terrain, monitoring land deformation, and detecting moving objects such as
vehicles or ships. Synthetic Aperture Radar (SAR), an advanced form of radar, provides high-
resolution imaging capabilities and is extensively used for Earth observation, disaster management,
and environmental monitoring. Laser altimeters are another important type of active remote-
sensing sensor. These instruments emit laser pulses and measure the time taken for the light to

travel to a target and back. Laser altimeters are frequently used in topographic mapping, glacier



and ice sheet monitoring, and vegetation canopy height estimation. For example, NASA’s ICESat
missions use laser altimetry to monitor changes in polar ice thickness, contributing to a better
understanding of climate change and its impacts. Scatterometers, on the other hand, are active
sensors designed to measure the backscattered radiation from a target. These sensors are primarily

used to analyze surface roughness and monitor ocean surface winds.

The significant advantage of active sensors is their resilience to adverse weather conditions.
Many active remote sensing systems, particularly radar, can penetrate through clouds, rain, and
fog, enabling data collection even in challenging atmospheric conditions. Active remote sensing
has a wide range of applications across various domains. In agriculture and forestry, active sensors

provide vital data for managing crops, forests, and remote or difficult-to-access areas.

1.2.2 Passive Sensors

Passive remote sensing sensors operate by detecting the natural electromagnetic radiation emitted
or reflected by the Earth’s surface, as illustrated in Fig. 1.2b. Unlike active sensors, passive sensors
do not emit their own energy but instead rely on external sources, such as sunlight or thermal
radiation, to gather information about the target. These sensors are designed to measure radiation
across specific wavelengths, including visible, infrared (IR), and microwave regions of the spectrum,
enabling the study of various geophysical properties of the Earth’s surface. A prominent technology
in passive remote sensing is the radiometer, which measures the intensity of radiation emitted or
reflected by a target within particular spectral bands. Radiometers are broadly categorized into
two types: hyperspectral radiometers and imaging radiometers. Hyperspectral radiometers operate
with high spectral resolution, capturing data across numerous narrow and contiguous spectral
bands. This detailed spectral information allows for the precise identification and analysis of a
target’s composition, properties, and condition. In contrast, imaging radiometers are designed to
scan surfaces and generate images based on the intensity of the radiation detected. These images
provide spatial information about the distribution and variation of surface properties over large
areas. Imaging radiometers are commonly used in weather monitoring, land use mapping, and

environmental surveillance.
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Passive remote sensing sensors offer several advantages that make them indispensable for
environmental monitoring and scientific research. By capturing data across the visible, infrared,
and microwave spectra, passive sensors enable the study of a wide array of natural phenomena,
including vegetation health, land surface changes, and atmospheric conditions. For instance, the
Normalized Difference Vegetation Index (NDVI), a widely used metric derived from passive re-
mote sensing data, is used to assess plant health and monitor agricultural productivity. Another
significant advantage of passive remote sensing is its ability to operate without the need for ac-
tive energy emission, which reduces operational complexity and energy requirements. This makes
passive sensors ideal for long-term monitoring missions on satellites, where energy efficiency is a
critical consideration. Additionally, passive sensors are often less expensive to develop and deploy
compared to active systems, making them a cost-effective solution for large-scale environmental

monitoring.

1.2.3 Bistatic Remote Sensing Sensors

Bistatic remote sensing [42] is a powerful remote sensing technique that leverages the principle
of bistatic radar. In this configuration, the transmitter and receiver are located on two separate
platforms, as opposed to monostatic radar systems where both components are co-located. A basic
bistatic remote sensing technique [42, 43, 44, 45] is shown in Fig. 1.2c. In the context of bistatic
remote sensing, navigation satellites such as GPS, Galileo, GLONASS, NavIC, and BeiDou act
as transmitters. These satellites continuously broadcast radio-frequency signals across the Earth,
primarily intended for Positioning, Navigation, and Timing (PNT) services. However, these signals
can also interact with the Earth’s surface, where they are scattered, reflected, or absorbed. A
receiver located on a separate platform, such as an aircraft, drone, or Low Earth Orbit (LEO)
satellite, captures both the direct signal (transmitted from the satellite to the receiver) and the
reflected signal (transmitted from the satellite and scattered by the Earth’s surface before reaching
the receiver). The fundamental principle of bistatic remote sensing is to analyze the differences
between the direct and reflected signals to extract meaningful information about the reflecting
surface. These differences are assessed in terms of amplitude, phase, polarization, and time delay,

all of which provide insights about the physical and electromagnetic properties of the surface.
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Specifically, bistatic remote sensing techniques enable the estimation of critical surface parameters,

such as: Surface Permittivity, Surface Roughness and Reflectivity and Scattering Coefficients.

The technique of GNSS-Reflectometry (GNSS-R) is a practical application of bistatic
remote sensing. GNSS-R utilizes signals from Global Navigation Satellite Systems (GNSS) for
passive bistatic remote sensing. This approach capitalizes on the continuous and global availabil-
ity of GNSS signals, making it a cost-effective and efficient remote sensing method. Since GNSS
satellites are already operational and transmitting signals, the only additional component required
is the development and deployment of a GNSS-R receiver, which simplifies the system and reduces
costs. GNSS-R systems operate by capturing both direct signals and signals reflected from the
Earth’s surface. The direct signal acts as a reference, while the reflected signal contains information
about the surface it interacted with. By comparing the two signals, GNSS-R systems can derive
various geophysical parameters of the surface. One of the key advantages of GNSS-R is its ability to
provide 24-hour coverage. GNSS satellites transmit signals continuously, ensuring round-the-clock
availability for remote sensing. This capability is particularly beneficial for monitoring dynamic
and time-sensitive phenomena, such as ocean waves, river flow, or snowmelt. Additionally, GNSS
satellites operate on multiple frequency bands, such as L1, L2, and L5, which enhance the signal
penetration capability and improve spatial resolution. The applications of bistatic remote sens-
ing, particularly GNSS-R, are diverse and span multiple scientific and operational fields including:
Oceanography, Hydrology, Forestry and Vegetation Studies, Surface Altimetry, and Disaster Mon-
itoring. A more detailed exploration of the GNSS-R technique, including its underlying principles,

signal processing methods, and application case studies, is presented in Chapter 2.

Hence, we see that the diverse range of remote sensing technologies, from active sensors
like radar and LiDAR to passive sensors such as radiometers and spectrometers and bistatic remote
sensing techniques, provides a robust toolkit for collecting and analyzing data from the Earth’s
surface. These technologies enable a broad spectrum of applications, from agricultural management
and environmental monitoring to disaster response and scientific research, each offering unique

advantages based on the specific requirements of the observation and analysis tasks.
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1.3 Motivation and Objectives

Global Navigation Satellite Systems (GNSS) and Regional Navigation Satellite Systems (RNSS)
play a pivotal role in providing positioning, navigation, and timing (PNT) services, with their
applications now extending far beyond traditional domains into innovative fields such as Earth
observation through GNSS-Reflectometry (GNSS-R) [46]. GNSS-R leverages signals reflected from
the Earth’s surface to derive critical information about environmental parameters, including soil
moisture, sea state, and vegetation health. Currently, most GNSS-R systems are developed using
signals from the Global Positioning System (GPS) [47, 48], Galileo [49, 50], GLONASS [51], and
BeiDou [52, 53] satellite constellations. However, this research focuses on exploiting the Indian
Regional Navigation Satellite System (NavIC) and GPS-L1 signals for advanced remote sensing
applications. NavIC, being a regional system with enhanced signal availability over the Indian
subcontinent, holds immense potential for localized GNSS-R applications, especially in agriculture,

environmental monitoring, and disaster management.

Compared to GPS and Galileo, which offer global coverage, NavIC is specifically designed
for regional performance, and this regional optimization brings distinct advantages for GNSS-R use
in the Indian region. NavIC offers higher satellite visibility and signal strength over India due to
its orbital configuration, where geostationary and inclined geosynchronous satellites are positioned

to maximize elevation and coverage over the subcontinent.

Existing research in NavIC-based reflectometry primarily involves the analysis of multi-
path signals acquired using commercial NavIC navigation receivers [54]. However, such commercial
off-the-shelf (COTS) receivers lack the flexibility to perform advanced computations or customize
signal processing as per user requirements, thereby limiting their scope for research-driven appli-
cations. To address these limitations, this study proposes the development of a custom-designed
receiver tailored for GNSS-R applications. The primary objective is to design and implement a
Software-Defined Receiver (SDR)-based NavIC-Reflectometry (NavIC-R) system capable of real-
time data acquisition and processing. The proposed system will receive both the direct Right-Hand
Circularly Polarized (RHCP) signals and the reflected Left-Hand Circularly Polarized (LHCP) sig-

nals from NavIC-L5 and GPS-L1 satellites. It will process these signals to generate Delay-Doppler
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Maps (DDMs), which are crucial for analyzing reflected signal power as a function of the reflecting
surface properties. These DDMs will provide valuable insights into surface parameters, enabling
applications such as soil moisture estimation and sea-state observations. Furthermore, the re-
search delves into the detailed analysis of DDMs for both direct and reflected GNSS signals, with
a focus on using these outputs for GNSS-R applications. The ultimate goal is to establish a ro-
bust system that facilitates real-time monitoring and on-demand estimation of essential climate
variables. This capability will enable more efficient agricultural management, enhanced climate
studies, and comprehensive environmental monitoring. By harnessing the potential of NavIC for
advanced GNSS-R applications, this research aims to push the boundaries of regional reflectometry

and establish NavIC as a critical tool in remote sensing.

Beyond the scientific and technical contributions, this research also aligns with broader
global objectives. It supports the United Nations’ Sustainable Development Goals (SDGs), specif-
ically SDG-12, which emphasizes sustainable agriculture and natural resource management, and
SDG-13, which advocates for urgent action to combat climate change and mitigate its impacts.
Through the development of specialized receivers and processing techniques, this work not only
addresses critical environmental challenges but also contributes to global efforts in achieving sus-
tainable and resilient ecosystems. This research highlights the transformative potential of NavIC
in advancing GNSS-R applications and sets the stage for its future role in supporting global climate

resilience initiatives.

1.4 Contributions

This dissertation makes several novel contributions, which are highlighted below, along with their

respective research objectives and significance:

1. Compression of GNSS Reflectometry Data for Transmission: The objective is to
develop an algorithm to compress the large volume of GNSS-R data for efficient storage on-
board and transmission. The GNSS-R data, even for short durations, can be extremely large

(e.g., 100,000 samples in 2 minutes 20 seconds). Large data size makes wireless transmission
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time-consuming and impractical for real-time applications. Compression reduces the data
size, facilitating faster transmission and processing in GNSS-R applications. The proposed
algorithm is designed to compress GNSS datasets while preserving the essential information
needed for accurate reflectometry analysis. The proposed algorithm is implemented on both

GPS-L1 and NavIC-L5 signals to illustrate its adaptability on different datasets.

. Target localisation using GNSS-R and Doppler Frequency Bound for NavIC-L5
Multipath Signals: This work examines the utility of GNSS-R based observations for
target localisation, using the difference between the direct path length and the multipath
range obtained from the multiple GNSS transmitters and a single receiver as a set of key
observations. The four sets of bistatic ranges are optimised using the least square estimation
technique in order to estimate the target location. Also, efficient signal acquisition is crucial
for both PNT and remote sensing applications. This work also performs a grid-based analysis
to calculate Doppler frequencies for various surface target points within the NavIC service
region, leading to a significant reduction in signal acquisition time for the NavIC-L5 multipath

signal.

. Antenna Design for Receiving Multi-Constellation GNSS RF Signals: The design
and development of an antenna capable of receiving multi-constellation GNSS RF signals,
including direct Right-Hand Circularly Polarized (RHCP) and Earth-reflected Left-Hand
Circularly Polarized (LHCP) signals is proposed in this work. Traditional GNSS antennas are
optimized for navigation and positioning applications, focusing on receiving RHCP signals
from satellites while actively rejecting LHCP signals to minimize the effects of multipath
interference. However, GNSS-R applications rely on the reception of Earth-reflected LHCP
signals to study surface properties and environmental phenomena. Therefore, designing an
antenna specifically tailored for GNSS-R is essential to ensure it can efficiently receive both
RHCP signals for reference and LHCP signals for reflectometry. Additionally, the proposed
antenna is compact, lightweight and suitable for deployment of various platforms, including

UAVs, aircraft and satellites, if radiation-hardened.

. SDR-Based Reflectometry Receiver Design for GNSS-R Applications: Proposed

a GNSS-R receiver that leverages a Software-Defined Radio (SDR) platform integrated with
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a Raspberry Pi single-board computer as the primary processing unit. The proposed design
focuses on efficiently processing Earth-reflected GNSS signals directly on board, enabling its
deployment on a variety of platforms, such as Unmanned Aerial Vehicles (UAVs) and Low
Earth Orbit (LEO) satellites. One of the key features of this receiver is its ability to support
multi-constellation and multi-frequency GNSS signals. The SDR-based architecture offers
flexibility and adaptability, allowing for the implementation of customized algorithms for real-
time data acquisition and signal processing tailored to specific remote sensing objectives. The
integration of advanced signal processing capabilities with the flexibility of SDR technology
ensures that this receiver is a scalable and future-ready solution for GNSS-R applications in

both terrestrial and spaceborne environments.

Each of these contributions addresses a critical challenge in GNSS Reflectometry, advanc-
ing the field and enhancing the practical application of GNSS-R for Earth observation and related

technologies.

1.5 Structure of Thesis

The thesis is structured into six chapters, each addressing specific aspects of the research.

Chapter 1 provides the basic foundational introduction to the thesis topic. The motivation
and the research objectives of the thesis are outlined in this chapter. The major contributions of
the thesis, as well as a list of publications and presentations associated with the research, are

provided in this chapter.

Chapter 2 initially explains the fundamentals of the GNSS-R technique along with some of
the major applications of GNSS-R, including altimetry measurement, soil moisture and snow height
estimation, wetland studies and target localisation using GNSS-R. Building on this foundational
understanding, the chapter transitions into a detailed explanation of the theoretical and signal-
processing concepts that underpin GNSS-R. Further, this chapter provides a detailed explanation
of the theoretical and signal processing concepts, including DDM generation and GNSS signal

acquisition, which are commonly used in the GNSS-R.
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Chapter 3 addresses the challenges associated with managing large datasets for GNSS-
Reflectometry applications. It presents a technique and algorithm for GNSS data compression
used while handling large datasets for GNSS-Reflectometry applications. The proposed algorithm
aims to reduce the size of GNSS datasets without compromising the integrity of the information
required for reflectometry analysis. The algorithm for GNSS data compression and reconstruction
on the receiver side is presented in this chapter. The feasibility of this algorithm is evaluated on
both the GPS-L1 and NavIC-L5 signals. Metrics such as compression ratio, reconstruction accu-
racy, and computational efficiency are analyzed, highlighting the algorithm’s potential to balance
data reduction and fidelity. Comparative results for GPS-L1 and NavIC-L5 signals illustrate the
algorithm’s adaptability to diverse signal characteristics and its ability to handle varying levels of

signal complexity.

Chapter 4 delves into the concept of static target localisation using GNSS-Reflectometry
(GNSS-R) and explores the critical role of Doppler frequency-bound calculations for NavIC-L5
signals. In addition to static target localisation and Doppler calculations, the chapter underscores
the importance of optimizing the signal acquisition time in GNSS-R systems. A shorter acquisition
time not only reduces computational overhead but also enables faster initialization of the GNSS-R

system, which is particularly beneficial for real-time applications.

Chapter 5 details the design, development, and testing of key hardware components
for GNSS-Reflectometry (GNSS-R) applications, specifically focusing on a multi-frequency GNSS
antenna and an SDR-based multi-constellation GNSS-R, receiver. These components form the
backbone of a sophisticated GNSS-R system capable of acquiring and processing both direct and
reflected GNSS RF signals from multiple satellite constellations. The development of the multi-
frequency GNSS antenna is discussed in detail, highlighting its unique capability to simultaneously
receive signals across multiple GNSS frequency bands, such as GPS-L1 and NavIC-L5. Building
upon the antenna development, the chapter presents the design of an SDR (Software-Defined
Radio)-based multi-constellation GNSS-R receiver. This receiver leverages the flexibility of SDR
technology to support real-time signal acquisition, processing, and analysis across multiple GNSS
constellations and frequency bands. The use of SDR technology allows for easy customization and

scalability, making it adaptable to evolving GNSS standards and emerging applications.
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To validate the performance of the developed GNSS-R system, the chapter presents the
results of rigorous testing conducted using a hardware-in-loop (HIL) simulator testbed. The HIL
setup replicates real-world GNSS signal conditions, enabling controlled experiments to evaluate
the system’s sensitivity, accuracy, and robustness. In addition to simulator-based testing, the
chapter presents findings from field experiments. The field results highlight the multi-frequency
antenna’s ability to capture both direct and reflected signals simultaneously, and the SDR-based
receiver’s proficiency in processing these signals to generate accurate Delay-Doppler Maps (DDMs)
and extract meaningful parameters for GNSS-R applications. In summary, this chapter showcases
the development and testing of a comprehensive GNSS-R hardware system, integrating a multi-

frequency GNSS antenna and an SDR-based multi-constellation receiver.

Chapter 6 concludes this dissertation and states the contributions made during this thesis
to the advancement of multi-constellation GNSS-R. Following this, suggestions are made for future

research into areas covered by this research.

The pictorial representation of the thesis is shown in Fig. 1.3.

1.6 List of Publications and Presentation

1.6.1 Publications

1. Bushra Ansari, and Sanat K. Biswas. “Target Localisation using GNSS-R and Doppler Bound
Estimation for NavIC -L5 Reflected Signal: A Simulation-Based Approach”. in Advances in

Space Research (Under Review)

2. B. Ansari, D. Kundu, and S.K. Biswas, “A multi-frequency GPS and NavIC reflectometry

receiver using commercially off-the-shelf SDR”. GPS Solut 29, 29 (2025).

3. B. Ansari and S. K. Biswas, “Multi-Frequency GNSS-R Receiver using BladeRF SDR, and
Single-Board Computer”, 2024 4th URSI Atlantic Radio Science Meeting (AT-RASC), Mel-

oneras, Spain, 2024

4. B. Ansari and S. K. Biswas, “A Hardware-In-Loop simulation Test-bed for NavIC Reflec-

18



tometry Experiments,” in 2021 XXXIVth General Assembly and Scientific Symposium of the

International Union of Radio Science (URSI GASS), 2021, pp. 1-3.

5. B. Ansari, V. Kaushik, and S. K. Biswas, “Raw GNSS Data Compression using Compressive
Sensing for Reflectometry Applications,” in 2020 33rd General Assembly and Scientific Sym-
posium of the International Union of Radio Science, URSI GASS 2020. Institute of Electrical

and Electronics Engineers Inc., 8 2020.

1.6.2 Presentations

1. Invited to present my research work on “NavIC-Reflectometry Receiver Development for
Remote Sensing Applications” at United Nations/Finland Workshop on the Applications of
GNSS, 23 — 26 October 2023, Helsinki, Finland, organized by the UN Office of Outer Space

Affairs (UNOOSA).

2. Presented " GNSS-Reflectometry using NavIC-L5 signals for Earth Observation” at National
Space Science Symposium 2022, organised by Indian Institute of Science Education and

Research, Kolkata.

3. Presented ”"High-Resolution Satellite-Based Land Surface Monitoring Using NavIC L5 Sig-
nal” at the UN/AUSTRIA SYMPOSIUM: "SPACE APPLICATIONS FOR FOOD SYS-

TEMS” in 2021, organized by the UN Office of Outer Space Affairs (UNOOSA).

19


https://www.unoosa.org/documents/pdf/psa/activities/2023/GNSS2023/GNSS2023_02_03.pdf
https://www.unoosa.org/documents/pdf/psa/activities/2023/GNSS2023/GNSS2023_02_03.pdf
https://drive.google.com/file/d/1ahgN5mY45zzO2LzKlMbygw6sGIGToV8e/view
https://www.unoosa.org/documents/pdf/psa/activities/2021/UNAustria2021/DAY2/ANSARI.pdf
https://www.unoosa.org/documents/pdf/psa/activities/2021/UNAustria2021/DAY2/ANSARI.pdf

1. Introduction

|

2. Literature
Review

3. GNSS Data
Compression

& Doppler Bound

[ 4. Target Localisation }
Calculation

4 5. Multi-Frequency )
Reflctometry Receiver
Development

[ Antenna ] [Digital Frontend] [ Field ]
\ Design Design Experimentationj

6. Conclusion &
Future Work

Figure 1.3: Structure of Thesis

20



Chapter 2

Literature Review

Contents
2.1 What is GNSS-R: A briefoverview . ... ............... 22
2.2 Applications of GNSS-R . . . . . . . . . . 0 i it it et e 27
2.2.1 Altimetry measurement . . . . . . . . . ... ... 27
2.2.2  Vegetation cover and Soil moisture studies . . . . . . ... ... . 29
2.2.3 Snow height estimation . . . .. ... ... ... . L 0oL, 31
2.2.4 Wetland estimation . . . . . .. .. oo L oo 33
2.2.5 Target Localisation using GNSS-R . . . . . ... ... ... ... .... 34
2.3 GNSS-R Theoretical Concept . . . . . . .. ... v 36
2.3.1 GNSS-R Observable: The Delay Doppler Map . . . . . . ... ... .. 39
2.4 GNSS Signal Acquisition . . . . . . ... . 0000000 e e 42
2.4.1 Serial Search Acquisition . . . . . ... ... .. ... ... 44
2.4.2 Parallel Frequency Space Search Acquisition. . . . . . . .. .. ... .. 45
2.4.3 Parallel Code Phase Search Acquisition . . . ... .. ... ... .... 45
2.4.4 Acquisition of weak signal . . . ... ... L0000 0L 46

21



The chapter begins by providing a comprehensive overview of the fundamentals of the
GNSS-Reflectometry (GNSS-R) technique, emphasizing its versatility and wide range of applica-
tions in remote sensing. The chapter elaborates on how GNSS-R has emerged as a cost-effective
and innovative solution for Earth observation, owing to the global availability of GNSS signals,
their wide coverage, and the passive nature of the technique. Based on basic understanding, the
chapter transitions into a detailed explanation of the theoretical and signal processing concepts
of GNSS-R. A key concept introduced is the Delay-Doppler Map (DDM) generation. Through
this comprehensive exploration of GNSS-R fundamentals, applications, and signal processing con-
cepts, the chapter provides a solid foundation for understanding the technique’s potential and its

implementation in real-world scenarios.

2.1 What is GNSS-R: A brief overview

When computing a navigation solution, GNSS reflected signals are conventionally considered mul-
tipath signals or contributors to the error vector. The concept of using GNSS reflected signals
as signals of opportunity to perform reflectometry and scatterometry was first proposed in 1988
[55]and then for mesoscale ocean altimetry in 1993 [13]. GNSS-Reflectometry (GNSS-R) has rapidly
evolved as a transformative remote sensing technology that leverages the unique properties of GNSS
signals for Earth observation. Unlike traditional monostatic radar systems, which require both a
transmitter and receiver, GNSS-R uses the already existing GNSS constellations as transmitters,
significantly reducing the cost and complexity of deployment. With the rise of satellite-based nav-
igation systems like Global (GNSS), Regional (RNSS), and satellite-based augmentation systems,
there has been an exponential increase in the number of satellites transmitting GNSS signals,

therefore providing more simultaneous observations.

This passive bistatic radar configuration enables GNSS-R to simultaneously track multiple
reflections from the Earth’s surface, offering enhanced spatial and temporal resolution compared to
conventional nadir-looking monostatic altimeters. The reflected GNSS signals carry information
about the geophysical characteristics of the surface, which can be extracted through advanced

signal processing techniques. For instance, the Delay-Doppler Map (DDM) is a key data product
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generated by GNSS-R receivers, providing detailed insights into the time delay and Doppler shift of
reflected signals. DDM enables precise characterization of surface parameters, such as roughness,

permittivity, and scattering properties.

Recent advancements in GNSS-R technology have focused on improving the accuracy
and reliability of surface parameter retrievals. The GNSS transmitting satellites include the USA’s
GPS, China’s BDS, the European Union’s Galileo, and Russia’s GLONASS, which offer real-
time, all-weather, any-time, anywhere and high-precision observations by transmitting L-band
signals continuously, which have been widely used for positioning, navigation and timing. The
GNSS-R receiver can be placed either on board a UAV, Aircraft or LEO satellite. The receiving
platforms that are typically used for GNSS-R are shown in Fig. 2.1. Fig. 2.1 depicts how the
GNSS signals transmitted from already existing navigation satellites can be received on board
various receiving platforms, including UAV, aircraft and LEO satellites. Multi-frequency GNSS-
R systems, for example, exploit signals across different GNSS bands, such as L1, L2, and L5, to
enhance penetration capabilities and improve the sensitivity to various surface types. Furthermore,
advanced algorithms, such as machine learning and deep learning techniques, are increasingly being
utilized to process GNSS-R data, enabling more robust estimation of geophysical parameters and

better handling of noise and interference.

The main difference between a GNSS-R receiver and a typical GNSS receiver is that the
former contains hardware and software to generate a Delay-Doppler map, which contains the key
observation data for airborne and spaceborne GNSS-R technology. Thus, a GNSS-R receiver may
be considered an extension of a typical GNSS receiver. GNSS-R receivers detect direct and reflected
signals and analyze the received signal properties to estimate the geophysical information of the
reflecting surface. The reflected GNSS signals vary from direct signals in terms of time delay,
Doppler shift, signal power and polarization. Observations such as signal-to-noise ratio (SNR)
[56], carrier phase and pseudo-range provided by typical GNSS receivers can be used as GNSS-R
data to measure geophysical parameters. The properties of reflected signals depend on various
geophysical parameters such as surface roughness, moisture and vegetation. GNSS-R, applications
have expanded from traditional altimetry [57, 58] to include a wide range of geophysical studies.

From the formerly suggested applications (altimetry [57, 58] and wind speed [59, 60]), others have
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Figure 2.1: GNSS-R Rx. Platforms

also been proposed including soil moisture [61, 62], wind speed [44, 63], snow depth [64, 65], sea
state [66, 67] and vegetation height and cover [68, 69]. Emerging research is exploring the potential
of GNSS-R for monitoring dynamic phenomena such as floods, landslides, and vegetation growth,
demonstrating its versatility in addressing real-time environmental challenges. Additionally, the
fusion of GNSS-R data with other remote sensing modalities, such as synthetic aperture radar
(SAR) and optical sensors, is being investigated to provide complementary datasets for more

comprehensive Earth system analyses.

Similar to other major remote sensing technologies, there have been about 10 satellite
missions with a payload for GNSS-R applications or a main focus on specific GNSS-R applications.
The UK-DMC (Disaster Monitoring Constellation) satellite [4, 70] is the first GNSS-R related satel-
lite which was built by Surrey Satellite Technology Ltd. (SSTL). It carried four major payloads,
and one of them was designed to conduct an experiment to demonstrate the potential application
of GNSS-R. The UK-DMC satellite was launched on 27 September 2003. On 8 July 2014, the

UK launched the TechDemoSat-1 (TDS-1) satellite, which carried the SGR-RESI (Space GNSS
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Receiver-Remote Sensing Instrument), which was also developed by SSTL. Over the period of four
years, TDS-1 has recorded a large number of data, which has been widely used for studies in science
and technology. The TDS-1 satellite was retired from service in December 2018. Following TDS-1,
on 15 December 2016, NASA launched eight micro-satellites to monitor tropical cyclones with the
initial main objective of enhancing the accuracy of the measurement and prediction of hurricane
intensity [71, 72]. The constellation is termed cyclone GNSS (CYGNSS) [73, 74]. This project has
been led by the University of Michigan. CYGNSS has also produced a large number of data, which
have been used to retrieve various ocean and land parameters. On 14 July 2017, microsatellite
WNISAT-1R was launched, developed by Weather news Inc. in Japan. A WNISAT-IR payload
is a GNSS-R receiver that has received GNSS signals and generated delay—Doppler maps. The
Spire Global Inc. [5, 75] GNSS-RO CubeSats has also been providing altimetric observations from
surfaces that reflect coherently at the L-band since 2019. In 2019 and 2020, the company launched
two batches of two 3U CubeSats with GNSS-R capabilities (two in 2019, two in 2020). The minia-
turized receiver weighing less than 5 kg, produced by Spire, is the outcome of years of working with
GNSS-RO receivers, and it provides a multi-constellation (GPS, QZSS, Galileo) capability. The
instrument is able to operate continuously with deployable solar panels. It is currently collecting
LHCP measurements at near-nadir and RHCP measurements at grazing angles, combining their

GNSS-R and GNSS-RO satellites.

Another mission is by UPC NanoSat-Lab, which leads the European Space Agency (ESA)
FSSCat mission. The mission was launched in September 2020, and included a combined GNSS-R
receiver and an L-band radiometer using software-defined radio technology (SDR) [76]. Addition-
ally, Passive REflecTomeTry and dosimetrY (PRETTY) satellite [77, 31] by ESA for GNSS-R
altimetry was launched in October 2023. Another upcoming GNSS-R mission named Hydrological
Global Navigation Satellite System (HydroGNSS) [33, 78] by ESA is planned to be launched in

2025. The major spaceborne GNSS-R missions are summarised in Table 2.1.

Despite the significant contributions of these missions, several critical limitations and
research gaps remain, particularly in the context of regional applications, lightweight platform

integration, and signal diversity:
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Table 2.1: Various Space-borne GNSS-R Missions

GNSS-R Mission | Launched date | Frequency Band | GNSS Constellation Used
UK-DMC [4] 2003 L1 GPS
UK TDS-1 [79] 2015 L1 GPS
NASA CYGNSS [73] 2016 L1 GPS
Spire GNSS-R [80] 2019 L1 GPS, Galileo
PRETTY [31] 2022 L5 GPS, Galileo
HydroGNSS [33] 2025 L1, L5 GPS, Galileo

e Lack of Support for NavIC Signals: All current spaceborne GNSS-R missions rely exclusively
on signals from global GNSS constellations—primarily GPS, Galileo, and sometimes QZSS or
GLONASS. None of the existing GNSS-R payloads support the Indian Regional Navigation
Satellite System (NavIC), despite its high signal strength and continuous visibility over the
Indian subcontinent. This presents a major gap in regional GNSS-R development, particu-
larly for localised applications in India such as precision agriculture, disaster resilience, and

hydrological monitoring

Heavy Payloads: Even the most recent and miniaturized GNSS-R payloads, such as those
developed by Spire Global, weigh several kilograms (e.g., 5 kg) and require significant power
and thermal regulation infrastructure. This makes them unsuitable for lightweight platforms
like drones or UAVs, which are increasingly being used for near-surface remote sensing in

agriculture, urban monitoring, and localized disaster assessments.

To address these limitations, this research proposes the development of a Software-Defined

GNSS-R receiver capable of processing both NavIC-L5 and GPS-L1 signals for reflectometry. The

system will be lightweight, low-power, and modular, allowing it to be mounted on drones, high-

altitude platforms (HAPs), or small satellites, vastly expanding the use cases of GNSS-R.
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2.2 Applications of GNSS-R

GNSS-R is an innovative technique that leverages reflected GNSS signals to monitor and measure
various geophysical properties. It has provided major advances in understanding the climate
system and its changes by quantifying processes and spatio-temporal states of the atmosphere, land
and oceans. The applications of GNSS-R [81] span across oceanography, cryosphere studies, and
terrestrial observations, providing significant advancements in understanding the Earth’s systems.
Typical application areas of GNSS-R are shown in Fig. 2.2, which include land surface remote
sensing, soil moisture and vegetation estimation, maritime target tracking and localisation, and
sea-state and sea-ice estimation. The reflected GNSS signals received by the GNSS-R receiver
contain geophysical parameters of the underlying surface. A detailed description of some of the

major application areas of GNSS-R is provided in the following sections.
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Figure 2.2: Applications of GNSS-R

2.2.1 Altimetry measurement

The effect of the increase in sea level and global warming is of utmost concern for the human habitat
on islands and in coastal areas. These regions are extremely prone to extreme weather conditions

such as cyclones, high tides, storms and waves that affect not only the humans of these regions
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but also the economic status of these places. Therefore the measurements of sea level are of great
importance. Observations from tide gauges measure the level of the sea with respect to the ground
level on which these places are located, i.e., it measures the vertical distance between the land
and the sea surface, related to the Earth’s crust. The resulting measurements of sea level using a
tide gauge are then directly correlated to the volume of the ocean. However, the above-mentioned
method is not always feasible to carry out, which gives rise to the GNSS-R measurements. Now, the
Global Navigation Satellite System (GNSS) signals are available globally, and moreover, the GNSS
receiver technique is cost-effective. Therefore, the measurements of differential path delay between
direct and ocean-reflected GNSS signals enable passive altimetry [82] from space-borne [83, 84] and
air receivers [85, 86] and hence fill the gaps of existing altimetry techniques. To understand the
global changes, estimation of sea level is essential. The recent increase in the measurement of sea
level has led to the studies of GNSS-R for ocean height measurement altimetry [57, 87]. GNSS-R

for ocean altimetry was first proposed in [88].

In the paper [12] for sea altimetry, the electromagnetic path differences method is applied
between the direct Global Positioning System (GPS) signals and the lake reflected signal. The
measurement resulted in 2-cm precision in the lake surface height estimates in 1 second. It is the
first high-precision altimetry measurement with GPS signals from and an altitude of 480 m to
study basic experimental errors, which be used for calibrating future air and space-borne passive
GPS altimetry. It also acts as the first confirmation of a new technique for altimetric remote
sensing in the coastal and sea region, a region that can not be measured easily by conventional
radar altimetry. The GNSS-R ocean altimetry is explored extensively, but the earlier studies used

the Delay waveform (DW) only in the estimation of ocean surface height.

The paper [1] explores the use of the “full -Doppler Map (DDM)” method in estimating
the sea surface height and applies this technique to the observations of TechDemoSat-1 (TDS-1)
data, a recent space-borne mission for reflectometry. The methods using a complete Delay-Doppler
Map (DDM), which is defined as the amplitude/power distribution of the reflected signal in a 2-D
array of delay offsets and Doppler shifts around the specular point [44], have been proposed in
[71], to improve accuracy. According to [1] altimetry information is obtained from small shifts in

the delay of the waveform. These shifts are typically smaller than the apparent “resolution” of the
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DDM itself, making the use of additional information beyond the delayed waveform valuable to

reduce the influence of “speckle” noise on the retrieval process.

2.2.2 Vegetation cover and Soil moisture studies

Estimating soil water content is essential for assessing flood prediction, weather forecasting, climate
changes and aquifer recharge studies [89]. The presence of vegetation cover affect the soil moisture
measurements [90]. Therefore, evaluating vegetation parameters, such as vegetation height, vege-
tation cover, and water content, is valuable to ecology and hydrology communities concerned with
using remote sensing data products for vegetation cover, height and soil moisture estimation. Soil
water content is estimated in-situ at many places, but either for individual studies or monitoring
networks. While this analysis is helpful for small-scale or regional works, their applicability for
global studies is limited because of the reasons stated: The in-situ data lack standardized instru-
mentation, direct measurements are labour intensive and destructive, and continuous measurement

is also not possible.

Here, it is demonstrated that GNSS signal receivers already set up for geodetic, geo-
physical, and positioning applications can also be used to assess variations in soil water content
[24, 91]. Tt is achievable because GNSS receivers collect energy from land reflections in addition to
the direct signal received by the receiving antenna from the GNSS satellite. Therefore, with the
change in soil moisture and the dielectric value of the ground, the characteristics of the multi-path
signal change. Moreover, the GNSS signal pierces deeper into the dry soil as compared to when it
is wet. With the change in “reflector” depth and the variation in dielectric value, the frequency

and amplitude, along with the GNSS signal strength, change [16, 92].

The multipath signal alters all variables i.e. pseudorange, carrier-phase and signal-to-
noise ratio (SNR) being collected by a GNSS receiver. The SNR is mainly used for reflectometry
analysis. The phase of SNR observation is a function of satellite-reflector-antenna geometry. The
SNR measurements give a measure of signal phase and amplitude that is independent of orbits,
atmospheric delays, and clock variations, unlike the pseudorange observable and carrier phase. The

SNR values that are measured are the addition of the multipath and direct signal components. As

29



the GNSS-R technique works on the multipath reflection, so, the direct signal component needs
to be removed. As the signal above ~30 degrees elevation angle has no significant oscillations due
to multipath, therefore, it needs to be removed from the remaining SNR series. The SNR data
is finally converted into volts from the native dB-Hz units to have a linear representation of the
data. The SNR data need to be modified to a linear scale to remove the direct signal component.
The SNR data should be detrended as well with a low-order polynomial to remove the effect of the
direct signal. The reduced SNR signal has previously been modelled using the following equation
[93]:

SNR = Acos (47;\}1 sinE+<I>> (2.1)

where A is constant amplitude, / is the height of the antenna, A is the GPS wavelength, E is the
elevation angle of the satellite, and ¢ is the phase shift. A and ¢ are then calculated from the
SNR data using the least-squares estimation technique, with the best estimate of the height of the

antenna.

Moreover, the different relative dielectric constant of the surface under observation causes
the reflected signal to have different waveform patterns. This alteration in the signal characteristics
is due to the variation of the amplitude, phase, frequency, and other information of the reflected
signal. The soil moisture content is positively correlated with the soil dielectric constant; that is,
the high moisture content indicates that the dielectric constant value is also higher [94]. It has
been proved in the field of experiments and a modelling study that signal amplitude and phase
¢ are sensitive to changes in soil moisture content. This is because, for microwave frequencies,
dielectric value or land surface’s permittivity is primarily a function of its water content. Some
spaceborne GNSS-R missions, including TDS-1 [95, 96] and CYGNSS [97, 98, 99], were designed
to monitor and observe the ocean. However, the scattered signals received from the land surface
have led to investigations in land surface parameter extraction, including soil moisture estimation
and vegetation monitoring using the TDS-1 [100, 90, 101] and CYGNSS [102, 103, 104] received

signals.

In future work, the effect of changes in GNSS equipment, i.e. antennas and receivers,

needs to be assessed. Moreover, retrieval algorithms need to be studied and modified. This will
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lead to the advancement of retrieval algorithms for the GNSS soil moisture estimation, including
models which explain the dielectric value of distinct types of soils and soil moisture profiles. The
long-term motive is to establish a retrieval algorithm to convert GNSS SNR data to soil water
content estimates. To achieve this objective, we fully need to understand the various environmental
factors that affect the SNR data. In future satellite reflectometry missions, GNSS soil moisture
content data will be highly useful for validating and calibrating planned missions for soil moisture

estimation.

2.2.3 Snow height estimation

Snow is one of the essential components of the climate and hydrological system, which impacts
the water cycle and atmospheric circulation. Snow density and depth are the most important
parameters for hydrological study because they represent the amount of water potentially available
for runoff. Water runoff from snow melt is an important water resource feeding one-sixth of
the world population [105]. Also, accurate measurements of snowpack properties are needed to

understand better the effects of climate variability on water resource availability [106].

It is first demonstrated in [107] that the snow depth retrieved from traditional geodetic-
GPS receivers has a good agreement with in situ depth measurements, indicating that geodetic-
GPS receivers can be used to estimate snow depth [108]. Global Navigation Satellite System
(GNSS) ground stations have been successfully used to continuously estimate snow depth at an
intermediate scale of about 1.000 m? around the stations. Assuming a horizontal and a planar
reflector (ground, snow, etc.), the interference between the reflected and the direct GPS signals
produces approximately a sinusoid of constant frequency in SNR observations [24]. Multiple cycles
of this modulation pattern must be observed to estimate that frequency, which is then related
to the height of the antenna above the reflecting surface. As GPS signals reflect off the snow
surface, the frequency decreases with increasing snow depth because the frequency f = % of the
interference pattern depends on the wavelength A of the GNSS carrier and the height h of the
GNSS antenna above a reflecting planar surface [109]. After modelling the GPS SNR data [110],

most of the difference between the solutions is seen in the signal amplitude, but it is not used for

31



data analysis [14]. The use of the amplitude data is complex because it can also be affected by the

roughness of the surface, which would be expected to vary as the snow surface is scoured by wind.

In contrast to previous studies, where the GNSS stations were situated on bare soil [111]
or grassland, The study presented in [109] is focused on monitoring snow depth in a built-up area
with several constructions in the proximity of the station. The most challenging task at this site
is to separate the GNSS reflections from the ground and from surrounding buildings. Here, snow
depth is calculated as the difference between the GNSS reflector height above the soil and the
snow surface. The frequency of the interference pattern was calculated using the Lomb—Scargle
periodogram method, an algorithm to calculate the spectral power for irregularly spaced time
series. The Lomb-Scargle periodogram with the frequency, converted into reflector height, often
shows two significant peaks. The dominant frequency does not always correspond to the reflections
from the ground. Especially on days with snow cover, the reflections from the roof show larger
amplitudes than the reflections from the ground. Therefore the algorithm proposed in [112] for
rural areas is modified for built-up areas. In order to avoid reflections from the roof, the range
for picking the largest amplitude is restricted to a particular range. The range was derived by the

median of the reflector height plus or minus 2 m.

Most previous studies use GPS L1C/A and L2C [113, 114] Signal-to-Noise Ratio (SNR)
data to retrieve snow depth. In paper [115], snow depth variations are retrieved from new weak
GPS L2P SNR data. The method employed here uses the multipath SNR data caused by the
interference between direct and reflected signals. The frequency of multipath oscillations changes
with the antenna height variations, so the snow depth can be estimated based on this relationship.

The main procedures for retrieving snow depth from GPS SNR data can be summarized as follows:

e Using low-order polynomial function to fit GPS SNR time series and remove the direct trend,

and the multipath oscillations are obtained.

e The frequency domain of multipath oscillations is obtained using the Lomb-Scargle peri-

odogram.

e Finally, the frequency is converted to the reflector height.
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These results in [115] indicate that geodetic GPS observations with SNR L2P data can reasonably
estimate snow depths with a high correlation value. The GNSS reflected signals from each layer
of snow allow the estimate of snow and ice thickness, and it has been explained in detail in [116].
Sea-ice measurement is performed by estimating the reflected signal delay and modelling the depth
based on the angle of incidence. Extensive research [107, 14, 117, 118, 119] has been carried out

to show the feasibility of GNSS-R for snow depth measurements.

2.2.4 Wetland estimation

The rapid urbanization, human encroachment and weather changes have led to wetlands collapse
on a large scale. Therefore it is necessary to closely study and restore the world’s wetlands for
people and nature. Wetlands are home to a wide variety of fauna and flora specific to wetlands and
support various ecosystem services like flood reduction. Wetlands can be used for water storage,
which will contribute to groundwater recharge as well. It will help in local hydrology and ecosystem
requirements. As it is challenging to observe the wetlands using in-situ methods, passive remote
sensing is the only feasible way to study wetland extent globally. However, previous remote sensing
and in-situ methods lack Spatio-temporal resolution and hence limit the ability to exist methods to
measure the wetland dynamics at appropriate scales. GNSS Reflectometry can potentially fill the
limitations in measurements, as experimental GNSS data [120, 121] proves that ground-reflected

GNSS signals are susceptible to changes in inundated areas.

By estimating GNSS-R data captured from the Technology Demonstration Satellite (TDS-
1) and a 2005 aircraft experiment over the Ebro delta in Spain [122], it is proven that the reflections
over wetlands have a very strong coherent component and the peak values are several dB higher
(even reaching 10 dB, equivalent to one order of magnitude) than the reflections from the surround-
ing drylands. For coherent reflections, the area contributing to the peak power is approximately
equal to the first Fresnel zone, which is nearly less than a kilometre for low Earth-orbiting satel-
lites. The signal-to-noise ratio (SNR) is considered and evaluated in order to sum up the temporal
changes and spatial features in DDMs over wetlands. The peak value will be affected by the di-

electric constant of the reflecting surface, underlying medium and roughness, which will, in turn,
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determine the extent of coherence in the signal.

From the study of closed wetlands, it is proved that the coherence in the reflected GNSS
signal is strong, which is reflected from the glistening zones, and the signal power decreases rapidly
away from the wetlands. The coherent reflections are expected to come from the signals reflected
from the water surface, which the vegetation cover can possibly attenuate. On the other hand,
incoherent scattering includes scattering from tree leaves and branches, contributions due to the
soil and trunk interactions, multiple interactions between vegetation elements and between the
vegetation and the soil, and incoherent scattering from the soil attenuated by the overlapping
vegetation canopy. Analysis of DDMs over flatlands and open wetlands shows an extensive dynamic
range and coherence in the reflected signal, which proves that ground-reflected GNSS signals have

a large sensitivity to small spatial features in many regions.

In conclusion, GNSS-R is an emerging means of remotely sensing oceans, land or glaciers,
and snow fields using the reflected signals of the GNSS. As a long-term stable and free source
of L-band signals, GNSS satellites fully leverage the advantages of the GNSS system, including
all-weather, all-time, broad coverage, high temporal and spatial resolution, etc. In particular,
GNSS-R can be used to determine sea surface wind [123], estimate seawater salinity [124, 125]
and sea surface oil spills in oceans [126, 127], monitor soil moisture and plant growth on land and
measure sea ice thickness, snow thickness, density, roughness, etc. Further, with the expansion of
multi-frequency [128, 129] multi-GNSS constellations and space-based augmentation systems and
the implementation of spaceborne GNSS reflection measurement missions (such as the upcoming
HydroGNSS mission [33, 130, 78]), one will get larger coverage and spatial-resolution surface feature

information.

2.2.5 Target Localisation using GNSS-R

Global Navigation Satellite Systems (GNSS) provide signals that cover the entire Earth’s surface,
enabling a range of alternative applications beyond their primary purpose of navigation and po-
sitioning. Among these, the analysis of GNSS-reflected signals, known as GNSS reflectometry

(GNSS-R), has been extensively studied and utilized for remote sensing of the Earth’s atmosphere,
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ionosphere, oceans, land surfaces, and cryosphere. This technique leverages GNSS signals as il-
luminators of opportunity due to their global availability and abundance. GNSS-R has proven
effective in Earth observation applications, including soil moisture estimation, ocean altimetry,
sea state characterization, and wind speed measurement. Recently, an innovative application of

GNSS-R has emerged in the domain of passive radar systems for maritime target detection.

Passive radar systems, which rely on external sources of illumination, are particularly
advantageous for maritime surveillance because of their low cost, covert operation, and capability
to monitor areas beyond territorial waters. GNSS satellites, as illuminators of opportunity, are
uniquely suited for this purpose due to their extensive coverage and the simultaneous illumination
of an area by 6-8 satellites from a single GNSS constellation. This enables the development of a
multi-static radar system, where signals from multiple satellites can be received simultaneously by
a single sensor, enhancing the overall system performance. In recent works by [131, 132, 133], the
feasibility of using the GNSS as transmitters of opportunity in a passive bistatic radar system for

maritime target detection applications.

GNSS-based passive radar systems for maritime surveillance typically consist of two RF
channels: one for receiving the direct GNSS signal and another for capturing the reflected signal.
The direct signal is used for synchronization and for detecting changes in delay and Doppler shifts,
which are then used to generate a noise-free replica of the signal. This replica is correlated with the
reflected signal, and range match filtering is applied to produce Range-Doppler (R-D) maps, which
provide information on the bistatic range and velocity of targets. These R-D maps are further
processed to optimize target tracking and localisation, enabling the system to effectively detect
and monitor maritime moving targets. This approach represents a significant advancement in the
use of GNSS signals for passive radar applications, providing a robust, cost-effective solution for

maritime domain awareness. A basic block diagram for target localisation is shown in Fig. 2.3
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Figure 2.3: Basic Target Localisation Algorithm
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2.3 GNSS-R Theoretical Concept

The signals broadcast by GNSS satellites are coded with ranging and timing information. This
information allows a receiver to estimate the line-of-sight range from its location to the satellite
with high accuracy and precision. These signals also reflect from the Earth’s surface and are
received by GNSS receivers for remote sensing. This technique is termed GNSS Reflectometry,
and it is a form of bistatic radar [134, 135, 136]. On the other hand, most radar systems, such
as those used for monitoring air space, harbour approaches, and weather forecasting, combine
the radar transmitter and receiver at the same site, the so-called monostatic radar. The bistatic
systems use transmitters and receivers separated by a considerable distance. In a bistatic radar
application, the surface reflected signals are received in conjunction with the direct GNSS signals.
Parameters of the reflecting surface, such as its bistatic range and reflectivity, are derived from the
reflected signal properties. The power observed by the receiver in a bistatic radar configuration

can be expressed by means of the bistatic radar equation, given as follows [137]:

r ]:)t>\2 GtGr 0
qu = (47)3 mapqu (22)
where P; denotes the GNSS transmitted signal power, A is the wavelength of the signal,

Gt and G, are the transmitting and receiving antenna gain respectively, R;s and R, is the distance

]

ba is the bistatic radar

from the transmitter and the receiver to the specular point respectively, o
coefficient for a particular pg polarisation. The bistatic radar coeflicient (or normalized radar
cross-section) describes the object’s ability to re-radiate the incident energy in a certain direction.

By definition, this is the ratio between the scattered power density per unit area and the power

density re-radiated by an isotropic scatterer [134].
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where E, and E;q are the incident and scattered fields. A is the total area of the illuminated

surface, and R2, is the distance of the point of observation to the centre of A. The concept of
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bistatic radar can be extended to satellite signals. Since signals transmitted by a satellite get
scattered off the Earth’s surface, detecting these reflections by a separated passive receiver could
provide some information about the surface. In GNSS-R, a single receiver picks up the direct and
reflected signals coming from multiple GNSS satellites to retrieve the geophysical parameters of
the scattering surface (multi-static configuration). With the increasing number of GNSS satellites,
a single receiver could potentially get signals from more than 20 emitters at the same time, thus
obtaining a high number of independent observations of the same scene, which could either be
used to increase the instrument’s swath, or to reduce the noise in the estimation of geophysical

parameters.

Now, examining the GNSS signal architecture. The properties of the GNSS signal enter
the radar equation through the ambiguity function y and are defined through the GNSS signal
structure. A thorough reference for GNSS receiver fundamentals and signal structures is provided
by [138] and [139]. For a given time t, the direct GNSS signal at a receiver’s location can be

expressed as:

—JkR¢r
g PGy (t B Rtr) e iem(fet fa)t (2.4)

47 C tr

where a(t) represents the modulating PRN code, k is the wavenumber, f. and f; are the
carrier frequency and the Doppler frequency shift, respectively. The previous equation 2.4 can also
be used to express the field reflected from a perfectly flat surface. It is considered that the actual
source is replaced by a mirrored one below the surface. The reflected GNSS signal structure is

defined as:

—jkRis+Rr
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where o is the Fresnel reflection coefficient at the specular point. In GNSS-R, the

reflected signal power arriving at the receiver can be modelled by the integration over the surface

p-
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where T; is the coherent integration time, and x(7;07,df) is known as the Woodward
Ambiguity Function (WAF). The WAF is the result of the matched filtering of the signal for the
delay and Doppler frequency of the reflection and depends on the properties of the signal. The
delay and Doppler are represented by 7 and f, respectively. WAF is a product of two functions

associated with the delay offset (7) and Doppler shifts (f;). WAF is expressed as follows [140]:

X2(5: 07, 6f) = A*(1) - |S(fa)I” (2.7)

where A = 1—|7| /7. if |7] < 7. and 0 otherwise, here 7. represents the C/A code chip length. A(7)
is the PRN code autocorrelation, and it represents the impulse response of the system in the time

domain. Whereas |S(fq)| represents the response of the system in the Doppler dimension and is

represented as |S(f)| = |sin(wf)/(7f)].

The geometry of the GNSS-R experiment is explained in Fig. 2.4. Here, the GNSS
navigation satellite is used as a transmitter, and a GNSS-R receiver is placed on board a LEO
or UAV that can receive both the direct and reflected GNSS signals. The size of the active
region from where the specular reflections are received is defined by the first Fresnel zone [141].
Specular reflection is characterized by incidence and reflection angles that are equal and form a
plane containing the transmitter, receiver, and surface reflection point. When the distance from
the surface to the transmitter is much larger than the distance from the surface to the receiver (or
vice versa), the semi-major axis a and semi-minor axis b of the first Fresnel ellipse are dependent
upon the elevation angle E and minimum height of the transmitter or receiver h, and is given as

follows:

_ VAhsinE b— VAhsin B
(SinE)2 ’ sin &/

where A is the GNSS signal wavelength.
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Figure 2.4: GNSS-R geometry

For a perfectly smooth surface, the reflected power is considered as coherent [142] and
is governed mainly by the Fresnel reflection coefficient of the active region from which power is
reflected. Now, as the surface roughness increases, the coherent component of the reflected signal
decreases, and the surface scatters more power incoherently in other directions. For rough surfaces,
the active scattering region of the surface expands beyond the first Fresnel zone to a glistening

zone surrounding the specular reflection point.

2.3.1 GNSS-R Observable: The Delay Doppler Map

In radar, the ambiguity function measures the similarity between a signal and a delayed and
Doppler-shifted version of it. The GNSS-R equivalent to this ambiguity function is known as a
delay-Doppler map (DDM) [143]. A DDM consists of the power distribution of the reflected signal
over the 2-D space of delay offsets and Doppler shifts. The distribution of the GNSS scattered

power as a function of delay and frequency is defined as:
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by selecting different (7, f) pairs, the contributions coming from different cells on the
surface can be observed due to the spatial filtering of the WAF. These cells are the intersections of
iso-delay and iso-doppler stripes at any point on the surface with a width determined by the GNSS
PRN code chip for the delay and by the coherent integration time for the Doppler. The DDM
coordinates are referenced with respect to the specular point so that the delay and Doppler pair
(0,0) correspond to the specular point itself. The DDM ”horseshoe” shape is primarily due to the
frequency filtering as indicated by the sinc function in 2.7. The rougher the scattering surface, the
more probable it is for regions far away from the specular point to contribute to the final scattered
power, contributing to smearing the DDM towards higher Doppler frequencies. On the contrary,
for a flat surface, the scattering is produced around the specular point, and therefore, the DDM
will be more concentrated around the (0,0) point. The area contributing to the specular reflections

is mainly calculated using 2.8.

DDM Numerical Simulation

DDM numerical simulation is an essential step while performing the hardware-in-loop simulations
and theoretical verification of the receivers. The power distribution over delay-doppler space is
expressed as shown in 2.9. To obtain simulated DDMs, 2.9 can straightforwardly be implemented
by defining the scenario (the reflecting surface, the transmitter, and the receiver) in a reference
system and evaluating the functions inside the integral to compute the integral for every (7, f4)
coordinate. However, such an approach becomes extremely time and resource-consuming [140] as
the simulated observed surface increases in size, as it happens for space-borne receivers since the
glistening zone extends over hundreds of kilometres. The first step to accelerate the simulation
consists of expressing the DDM as a 2-D convolution that can efficiently be computed by means

of a 2-D fast Fourier transform and is represented as:
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(IP(r, fa)?) = X* (7, fa) % >_ (7, fa) (2.10)

where x? is the ambiguity function as defined in 2.7. This ambiguity function is inde-
pendent of the pixel position and can be computed in a straightforward manner and only once for
all the pixels. Now, > (7, fq) is termed as the weight function associated with each delay-Doppler
bin. This function accounts for the surface geometry, the antenna patterns, and other terms from

the bistatic radar equation and is defined as follows:

=T // 4r 12201%25) 8(r = 7(0)d(fa — fa(p))d®p (2.11)

The power received using the GNSS signals has two components: coherent and incoherent.

Hence, received power P, is written as:

P, = Pt pineoh (2.12)

The bistatic radar equation describing the coherent component of the received power is

modelled as follows:

P)2GG
~oh __ t tr 2
P:O - (47T)2(Rts + Rrs)2 | qu (2'13)
whereas the incoherent component is modelled as:
U PtAQGtGTUOAeff
pireot = 2.14
(I RER, 240

where A.¢s is the area of the glistening zone. According to the bistatic radar equation, the
coherently reflected power at the receiver is a function of surface reflectivity I'y. The surface

reflectivity I', is defined as [102]:

Fp(esa ei)

(Ryv — Rnn) (2.15)
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where R,, and Rp; are fresnel coefficients for vertical and horizontal polarization and are defined

as [102]:
Ruu(ear0;) = €sc0s0; — /€5 — sin?0; (2.16)
VORI e c0s0; + Ves — sin20; '
0; — Ves — sin*0;
Ron(e0,0) = cos Ves — sin (2.17)

cost; + \es — sin20;
where €, is the dielectric constant and 6; is the incidence angle. According to (2.15) the surface
reflectivity I', is a function of the surface dielectric constant, which further depends on the soil
moisture; hence the change in surface soil moisture will affect the coherent reflected power received
at the GNSS receiver. Once the DDMs are obtained, the coherent reflected peak power can be

calculated. Further, the peak power is used to calculate the surface reflectivity and can be derived

using (5.3) as follows [144, 145]:

(47T)2(PDDM)(Rts + Rrs)2

Fl)(esaai) = /\2PthG

(2.18)

where Pppys is the DDM peak power. The surface reflectivity obtained using (2.18) is
further used to retrieve the dielectric constant by using (2.15), (2.16) and (2.17). As shown in
equation 2.18, the surface reflectivity can successfully be derived from the DDM-derived power.

Hence, DDM is an important GNSS-R observable that is used for remote sensing.

2.4 GNSS Signal Acquisition

The acquisition process is a fundamental step in GNSS signal processing, aiming to determine
the visible satellites and estimate the coarse values of two critical parameters: carrier frequency
and code phase. Satellites are uniquely identified by their specific Pseudo-Random Noise (PRN)
sequences [146]. The acquisition process involves detecting these PRN codes and estimating the
code phase, which is the time alignment of the PRN code within the current block of data. Deter-

mining the code phase is essential for generating a local replica of the PRN code that is perfectly
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synchronized with the incoming signal. Accurate alignment is critical because PRN codes exhibit
high correlation only when there is zero lag between the locally generated code and the incoming
signal. This perfect alignment enables the removal of the PRN code from the received signal, allow-
ing the receiver to extract meaningful information from the signal. In addition to the code phase,
the acquisition process also estimates the carrier frequency, which corresponds to the Intermediate
Frequency (IF) after down-conversion. The IF is determined by the difference between the signal’s
original carrier frequency and the frequency of the local oscillator in the downconverter. Precise
knowledge of the IF is vital for correctly demodulating the signal and mitigating the effects of

Doppler shift caused by the relative motion between the satellite and the receiver.

An acquisition method is employed to detect the presence of a satellite signal and estimate
the necessary parameters to track and decode the information embedded in GNSS signals. Once
the signal is acquired, the estimated parameters, such as code phase and carrier frequency, are
passed to the tracking program. The acquisition process thus serves as a crucial bridge between

signal detection and the extraction of meaningful data.

Three primary acquisition methods are commonly used in GNSS processing: conventional
acquisition, Fast Fourier Transform (FFT)-based acquisition, and delay-and-multiply acquisition.
The conventional acquisition method employs a serial search technique, where the receiver gener-
ates and correlates local PRN codes across a range of code phases and Doppler frequencies. While
this method is straightforward, it is computationally intensive and time-consuming, particularly
for large search spaces. The FFT-based acquisition method leverages the efficiency of the Fourier
transform to accelerate the correlation process. By converting the incoming signal and the local
PRN code into the frequency domain, this method significantly reduces the computational bur-
den, making it well-suited for real-time applications. The delay-and-multiply acquisition method
involves delaying the incoming signal by one chip and multiplying it with itself. This technique
generates a unique spectral signature for each PRN code, simplifying the identification of visi-
ble satellites. By employing efficient acquisition methods and incorporating techniques for weak
signal detection, modern GNSS receivers can achieve robust performance across a wide range of

environments and applications.
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2.4.1 Serial Search Acquisition

The algorithm is based on the multiplication of locally generated PRN code sequences and locally
generated carrier signals [147]. The first serial search acquisition method task is multiplying the
incoming signal with the locally generated PRN sequence. Instead of generating PRN sequences
every time the algorithm is executed, all possible PRN sequences are generated offline. The second
step is multiplication with a locally generated carrier wave. The carrier generator must generate
two carrier signals with a phase difference of 90°, corresponding to a cosine and a sine wave.
The carrier must have a frequency corresponding to the IF + the frequency step according to the

examined frequency area.

The last parts of the serial search algorithm involve an integration and a squaring of the
two results of the multiplications with the cosine and sine signals, respectively. The squaring is
introduced to obtain the signal power. The integration is simply a summation of all points corre-
sponding to the length of the processed data. The squaring is then performed on the result of the
summation. The final step is to add the two values from the I and the Q. If the locally generated
code is well aligned with the code in the incoming signal, and the frequency of the locally generated
carrier matches the frequency of the incoming signal, the output will be significantly higher than if
any of these criteria were not fulfilled. The block diagram of the serial search acquisition algorithm

is shown in Fig. 2.5.

[E Q I Integrate
Incoming ﬂ\ and square Satellite
GNSS/RNSS—>(X)—> Acquisition
Signal X .' , Tntegrate Output
<S> 0  land square
PRN Code Local
Generator Oscillator

Figure 2.5: Serial search Acquisition Algorithm
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2.4.2 Parallel Frequency Space Search Acquisition

As the name parallel frequency space search acquisition implies, this second method of acquisition
parallelizes the search for one parameter. This method utilizes the Fourier transform to perform
a transformation from the time domain into the frequency domain [148]. The incoming signal is
multiplied by a locally generated PRN sequence, with a code corresponding to a specific satellite
and a code phase between 0 and 1022 chips. The resulting signal is transformed into the frequency
domain by a Fourier transform. With a perfectly aligned PRN code, the output of the Fourier
transform will show a distinct peak in magnitude. The peak will be located at the frequency index
corresponding to the frequency of the continuous wave signal and, thereby, the frequency of the

carrier wave signal. The block diagram for the same is shown in Fig. 2.6.

Incoming Poak Satellite
GNSS/RNSS FFT > . —> Acquisition
i Detection
Signal Output
PRN Code
Generator

Figure 2.6: Parallel frequency search algorithm

2.4.3 Parallel Code Phase Search Acquisition

The previous method parallelized the frequency space search eliminating the necessity of searching
through the possible frequencies. If the acquisition could be parallelized in the code phase dimen-
sion, only 41 steps should be performed compared to 1023 in the parallel frequency space search
acquisition algorithm [149]. The incoming signal is multiplied by a locally generated carrier signal.
Multiplication with the signal generates the I signal, and multiplication with a 900 phase-shifted
version of the signal generates the Q signal. The I and Q signals are combined to form a complex
input signal. The generated PRN code is transformed into the frequency domain and the result is
complex conjugated. The Fourier transform of the input is multiplied by the Fourier transform of

the PRN code. The result of the multiplication is transformed into the time domain by an inverse
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Fourier transform. The absolute value of the output of the inverse Fourier transform represents
the correlation between the input and the PRN code. If a peak is present in the correlation, the
index of this peak marks the PRN code phase of the incoming signal. The block diagram for this

acquisition algorithm is shown in Fig. 2.7

Incoming X Peak Satellite
GNSS/RNSS|—> FFT X IFFT & ||2 > ¢ L »Acquisition
i Detection
Signal ." Output
& 0 Complex
IConjugate
o0 | FFT
Local PRN Code
Oscillator Generator

Figure 2.7: Parallel Code Phase search algorithm

2.4.4 Acquisition of weak signal

During the satellite signal acquisition process conducted on the field experiment data, it was
observed that the typical 1 ms data interval was insufficient to achieve a reliable satellite acquisition
lock. This limitation posed significant challenges, particularly when dealing with weak GNSS
signals often encountered in environments with high noise levels, multipath interference, or low
signal power. Achieving satellite acquisition lock is a critical step in GNSS-R processing, as it
involves identifying visible satellites, estimating their Doppler shift, and determining the coarse
time delay of incoming signals. Failure to acquire a lock can significantly hinder the subsequent

stages of signal processing, such as tracking and generating Delay-Doppler Maps (DDMs).

Weak signal acquisition is particularly relevant for GNSS-R applications, where reflected
signals are inherently weaker than direct signals due to propagation losses and surface scattering.
This section discusses key approaches to weak signal acquisition, including coherent and non-
coherent integration methods. Coherent integration involves aligning and summing signal samples
over an extended period, maintaining phase coherence to maximize the accumulated signal power.

While effective, this method requires precise Doppler compensation to prevent signal degradation
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due to frequency shifts. Non-coherent integration, on the other hand, accumulates the squared
magnitude of the signal, eliminating the need for phase alignment but resulting in a lower SNR

improvement compared to coherent integration.

Non-Coherent Integration

Sometimes using 1 ms of data through the circular correlation method cannot detect a weak signal
[150]. Longer data records are needed to acquire a weak signal. One way to process more data
is through non-coherent integration. It can simply be performed by summing the & instances of
the correlation output of the acquisition block. For example, if 2 ms of data are used, the data
can be divided into two 1 ms blocks. Each 1 ms of data is processed separately, and the results
are summed together. This operation basically doubles the number of operations, except for the

addition in the last stage.

The improvement obtained by this method is less than with the coherent method but
there are fewer operations. The block diagram of the non-coherent integration technique is shown
in Fig. 2.8. Another advantage of this latter method is the ability to perform acquisition on
successive 1 ms of data and sum the results. The final result can be compared with a certain
threshold. Whenever the result crosses the threshold, the signal is found. A maximum data length
can be chosen. Due to the squaring operation in the non-coherent integration, the noise floor gets

positively biased.

Multiple 1ms
data results

Incoming Poak Satellite
GNSS/RNSS—> . >Acquisition
i Detection
Signal I Output
|
% o Complex : :
Conjugate|| | IFFT & ||?
| |
EX FFT | '~~~ - '
Local PRN Code
Oscillator Generator

Figure 2.8: Non-Coherent Integration Technique

47



Coherent Integration

The coherent integration method presents the concept of processing a long data coherently. The
common approach to acquiring weak signals [151] is to increase the data length in signal acquisition.
However, the computation load is also enlarged if the data length is increased. The block diagram

of the coherent integration technique is presented in Fig. 2.9.

r Incoming |! X Poak Satellite
' |GNSS/RNSS|-—> FFT X IFFT & ||? ¢ | —>Acquisition
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Multiple Data "‘ 0 Complex
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Local : PRN Code | !
Oscillator i |__Generator :
~ Multiple Data
Length

Figure 2.9: Coherent Integration Technique

In Coherent integration, “coherent” means matched in time/phase. It works on complex-
valued measurements in which the signal’s phases from measurement to measurement are in close
alignment, thus allowing constructive addition of signal, whereas the phase of noise is random from

measurement to measurement, resulting in cancellation.

48



Chapter 3

Compression of GNSS
Reflectometry Data for On-board

Processing and Transmission.

Contents
3.1 Introduction . . . . . . . . i i i e e e e e e e e 50
3.2 Mathematical formulation and Methodology . . . ... .. ... ... 51
3.3 Resultsand Analysis . . . .. . . .. ittt 54
3.4 Conclusion . .. .. ... it e e e e e e 59

49



3.1 Introduction

One of the significant challenges in GNSS reflectometry (GNSS-R) is managing the extensive
size of GNSS data, which can become exceedingly large even for a relatively short duration of
observation. This issue is particularly prominent in real-time data collection scenarios, where large
datasets can hinder efficient processing and transmission. In this study, the analysis is conducted
on real-time raw GPS data collected from the TDS-1 satellite, which is made publicly available
through the online portal merrbys.co.uk, with additional data access provided via the FTP server
ftp://ftp.merrbys.co.uk. The raw data is processed using the soft GNSS [152] algorithm, which
extracts the data vector from the recorded stream. This data stream encompasses all GNSS
signals within the filter bandwidth, as observed by both zenith and nadir antennas. The dataset
under analysis corresponds to a duration of 2 minutes and 20 seconds, sampled at a rate of 16.367
MHz with a carrier frequency of 4.188 MHz. Despite this relatively short observation window,
the dataset includes approximately 100,000 samples, resulting in a substantial data volume. Such
a large dataset poses challenges for storage, processing, and especially transmission over wireless
channels for GNSS-R applications, as the transmission time for these datasets can be prohibitively
long. Consequently, there is a pressing need to develop advanced algorithms capable of effectively
reducing the data volume while retaining the essential information required for GNSS-R analysis.
Data reduction techniques are vital for addressing this challenge, as memory resources are generally
constrained in satellite applications, and this will enable efficient storage on board the satellite and
reduce the transmission overhead for real-time applications. Developing such algorithms would
significantly enhance the feasibility and scalability of GNSS-R systems, enabling their deployment

for a wider range of remote sensing and surveillance applications.

The above-mentioned problem can be solved by first compressing the GNSS data and
then reconstructing it at the receiver end. The problem is segmented into three steps, the first
step is the sparse representation of the GNSS data in a sparse domain. The second step is the
formation of the measurement vector of lower dimensions than the original signal. The third step
is the reconstruction of the original signal from a reduced number of measurement. According

to previous work done in this area, a two-stage deterministic CS algorithm has been proposed.
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However, the algorithm results in high computational complexity. Moreover, the deterministic CS
matrix is not robust to noisy signal [153]. A study is performed in [154], which uses multiple
measurement vectors as the reconstruction algorithm; this algorithm is complex as it uses multiple
measurement CS theory. To solve these problems a compression and reconstruction algorithm
based on compressive sensing is proposed in this work which is applicable to the noisy input sig-
nal as well. The proposed method has low algorithmic complexity than the previously proposed
algorithms. Finally, the proposed algorithm has been used on both direct and multipath GNSS-R
data collected by TechDemo satellite (TDS)-1. Application of the proposed algorithm shows that
the algorithm implemented for compression and reconstruction of the GPS data gives a good per-
formance in terms of reconstruction of the signal from the measurement vector. The SNR of the
recovered signal for 60% sampling ratio is 27.88dB which is 1dB less as compared to the SNR. of
the original signal which is 28.10dB. The Normalised Mean Square Error (NMSE) performance
for Discrete Cosine Transform (DCT), Discrete Wavelet Transform (DWT) sparsifying matrix and

Toeplitz, Bernoulli and Gaussian measurement matrix is also compared.

3.2 Mathematical formulation and Methodology

Compressive sensing (CS) is an emerging signal processing technique that enables efficient com-
pression and reconstruction of signals by exploiting their inherent sparsity in a specific transform
domain. Unlike traditional sampling methods, which adhere to the Nyquist-Shannon sampling
theorem, CS operates on the principle that signals with a sparse representation can be accu-
rately reconstructed using fewer samples than required by conventional methods. This makes
CS particularly useful for applications where acquiring large amounts of data is challenging or
resource-intensive. In the context of GNSS signals, compressive sensing techniques [155, 156, 157]
can be effectively applied as these signals exhibit sparsity in certain transform domains, such as

the Discrete Cosine Transform (DCT) and Discrete Wavelet Transform (DWT).

During the compression process in CS, a reduced number of measurements is captured

by discarding samples deemed insignificant in the sparse domain. This reduction in data acqui-
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sition significantly lowers storage and transmission requirements while still retaining the essential
information of the original signal. The missing information is then recovered through sparse re-
covery algorithms [158], such as Basis Pursuit, Orthogonal Matching Pursuit, or L1-minimization
techniques. These algorithms iteratively reconstruct the signal by solving an optimization problem

that minimizes the error between the reconstructed and original signals.

Consider a scenario in which we have a signal x € R™, of size m x 1 that has a sparse
representation in a transform domain. The signal can be represented sparsely in a particular
transform domain, by multiplying the signal with the sparsifying matrix i.e. DCT or DWT matrix.
Now, the signal having a reduced number of samples is constructed using the sparse signal, which
is called the measurement vector. The measurement vector y € R™ of size n x 1 where n < m will

be used for original signal recovery.

The vector y € R™ is a linear measurement of the signal z given by y = Az, where A
is the measurement or sensing matrix of size n x m. This system is under-determined, so the
reconstruction of the signal x is an ill-posed problem. Therefore, optimization algorithms are used
to obtain an optimal solution for this system. The sparse signal recovery algorithms are based on
convex-optimization technique. One of the method that is based on convex [; minimization which

gives near optimal solution can be defined as:

min ||z||, subject to y = Ax (3.1)

this convex minimization approach is called as Basis Pursuit (BP). However, in case of noisy
measurements, the linear measurement vector is represented as y = Ax + n, where n is the noise
and |n||, < €, the optimization approach is called Basis Pursuit Denoising (BPDN) [159] and is
defined as:

min ||z||, subject tol|ly — Ax||, < e (3.2)

The BPDN algorithm can be solved using SPGL-Toolbox which is a Matlab solver for large-scale

sparse reconstruction.

Consider the input signal z € R™ which is the In-phase (I) and Quadrature phase (Q)
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signals from GNSS. At first, the sparse representation of GNSS Signal is performed by multiplying

the signal with the sparsifying matrix, that can be either DCT or DWT matrix.

Dx =1 (3.3)

where D is the sparsifying matrix of dimension m x m, x is the original signal of size m x 1

and 1 is the sparse representation of the signal in D domain.

The second step is the construction of the measurement vector of size less than the original
signal. It is obtained by performing the multiplication of the signal with the measurement matrix

of size n x m.

y=o¢x ie y=¢oD 1 (3.4)

where n is the no. of samples that depends on the sampling ratio, ¢ is the sensing matrix

and y is the measurement vector of lower dimension.

Now, the signal is reconstructed by solving the convex l;-norm minimisation of || Dz||,

subject to the constraint provided below:

min ||Dx||, subject to||y — <I>x||§ <e (3.5)

now, substituting Da = 1 results in minimisation of [|¢[|; as shown below
min |||, subject to ||y — <I>D'11/J||§ <e (3.6)
Once the sparse signal 1 is computed, the original signal x can be recovered as:

7 =D (3.7)
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The procedure followed is summarized in the Algorithm 1 given below [160]:

Algorithm 1: CS based reconstuction algorithm
INPUT: z (GNSS Signal)

STEP1: Compression of GNSS signal, i.e. sparse representation and generation of

measurement vector.

where D is the sparsifying marix and 1 is the sparse representation of GNSS signal.

y=o¢x ie y=o¢D N

where y is the measurement vector and ¢ is the measurement matrix.
STEP2: Wireless transmission of measurement vector.

STEP3: Obtain the sparse signal using convex /; minimization algorithm.
man |||, subject to Hy — <I>D‘11/J||; <e
STEP4: Reconstruction of original signal from the sparse vector.
7= D).

OUTPUT: Z (Reconstructed Signal)

3.3 Results and Analysis

The simulation results for reconstruction and comparison of different sparsifying and measurement
matrices are presented. The normalised mean square error (NMSE) in signal reconstruction is
calculated at different sampling ratio to show the comparison between different matrices. The

NMSE is defined as:
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Figure 3.1: Frequency domain plot of original and reconstructed signal
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where 7 is the recovered signal and x is the original signal. The signal reconstruction is
presented for 10% and 50% sampling ratio with DCT as sparsifying and Toeplitz as the measure-

ment matrix as shown in Fig. 3.1.

The performance of the DCT and DWT sparsifying matrix is compared in terms of NMSE
at different sampling ratios for the Toeplitz, Bernoulli and Gaussian measurement matrix. One
of the case with toeplitz matrix is presented in Fig. 3.2. It is observed that the NMSE of the
DCT sparsifying matrix is less than that of the DWT matrix, which states that the DCT matrix

is performing better than the DWT matrix.

Similarly, the performance of Toeplitz, Bernoulli and Gaussian measurement matrix is
evaluated as shown in Fig. 3.3. The performance of the Toeplitz measurement matrix is better
as compared to the Bernoulli and Gaussian matrix in terms of signal reconstruction. Hence, it is
concluded that DCT as the sparsifying matrix with Toeplitz as the measurement matrix has better

results over the other sparsifying and measurement matrix.

Additionally, after performing the frequency-domain correlation of the reconstructed data
with the locally generated GPS/NavIC code (depending on the data used), the same satellite PRN
i.e. PRN 24 and code delay is found as detected for the original data. The frequency domain

acquisition for the original and reconstructed GPS data for satellite PRN 24 is presented in Fig.3.4
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Figure 3.3: Comparison between Toeplitz, Bernoulli and Gaussian measurement matrix for different
sampling ratio.

and Fig.3.5 respectively. The reconstructed data is obtained from the 40% sampling ratio. It is
evident from Fig. 3.5, that it is feasible to perform satellite signal acquisition using the compressed

and reconstructed data set and further perform reflectometry analysis.

For reflectometry application, the DDMs of two NavIC data sets for different surface
properties are generated. For two different surface properties, two dielectric constants, i.e. 5 and
20, are considered, which represent a dry soil and a smooth surface, respectively. Now, according

to the bi-static radar equation [19], the coherent power levels for two different surfaces will vary
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Figure 3.5: Frequency domain acquisition for the Reconstructed GPS data.

depending on the surface properties. The DDMs for two different NavIC data sets are presented
in Fig.3.6a and Fig.3.7a. The correlation power levels of the DDM show variation depending on
the surface properties. The correlation peak of DDM for dielectric constant 5 is less compared
to the correlation peak for dielectric constant 20. Moreover, the DDMs of the data, which are
reconstructed using the proposed algorithm, also show the variation in the correlation power. The

DDMs of the reconstructed data for both the dielectric constant are presented in Fig.3.6b and
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Fig.3.7b. The experimental results of DDMs obtained from the original and reconstructed data

set are summarized in the Table.3.1

Table 3.1: Change in correlation peak with different surface dielectric constant

Dielectric Correlation peak Correlation Peak

Constant | (Original Data Set) | (Reconstructed Data set)

5 2848 476.8
20 4176 849.9
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2000 350
g S 2000 30
=.2000 =
g 1500 g 250
A A 3000 200
3000 1000 150
4000 500 4000 100
50
2480 2500 2520 2540 2560 2580 2480 2500 2520 2540 2560 2580
Code Code
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Figure 3.6: DDM for the multi-path NavIC signal for Dielectric Constant 5
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Figure 3.7: DDM for the multi-path NavIC signal for Dielectric Constant 20

The results presented in Fig.3.6 and Fig.3.7 implies that the similar variations in cor-
relation power can be achieved with the reconstructed GNSS signal using 60% sampling ratio as

shown by the original GNSS signal DDMs. Hence, only few significant GNSS data samples can be
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transmitted and then reconstructed at receiver’s end for further processing.

3.4 Conclusion

In this work, the BPDN (Basis Pursuit De-Noising) convex optimization algorithm, a key compo-
nent of compressive sensing theory, is applied to GNSS signals to address the challenge of handling
large datasets while maintaining signal integrity. Experimental results highlight significant findings
regarding the performance of different sparsifying and measurement matrices. Specifically, the Dis-
crete Cosine Transform (DCT) matrix outperforms the Discrete Wavelet Transform (DWT) matrix
in terms of sparsification, demonstrating better efficiency in compressing the GNSS signal. For
measurement matrices, among the three tested—Toeplitz, Bernoulli, and Gaussian—the Toeplitz
matrix exhibits superior performance in terms of reconstruction accuracy. Thus, a combination
of the DCT sparsifying matrix and the Toeplitz measurement matrix is identified as the optimal

configuration for compressing GNSS signals effectively.

The robustness of this algorithm extends to noisy environments. This has been validated
by introducing noise into the original signal and then reconstructing it using the same compressive
sensing framework. The reconstructed signal retains high fidelity, demonstrating the algorithm’s
capability to perform well even under noisy conditions. Moreover, the acquisition of satellite signals
from the reconstructed data has been performed using a frequency-domain correlation technique.
The same satellite PRN codes detected in the original direct signal are successfully identified in
the reconstructed signal, confirming the algorithm’s effectiveness in preserving key satellite acqui-
sition parameters. Additionally, this study investigates the potential of the reconstructed data for
generating Delay-Doppler Maps (DDMs) and analyzing surface properties. The DDMs generated
from the reconstructed data enable the differentiation of two surface properties characterized by
their dielectric constants. This finding suggests that the algorithm can capture subtle variations
in surface characteristics, making it potentially useful for remote sensing applications such as soil

moisture estimation and land surface characterization.

However, further research is essential to validate and generalize this algorithm for diverse
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surface properties and broader environmental conditions. Future studies should focus on testing
the algorithm across a wider range of surface types, including varying roughness levels, moisture
content, and dielectric properties, to fully assess its applicability. Additionally, optimizing the
computational efficiency of the algorithm for real-time implementation and expanding its capa-
bilities to handle multi-constellation and multi-frequency GNSS signals would further enhance its
utility in GNSS-Reflectometry and related remote sensing applications. This work lays a strong
foundation for advancing signal processing techniques in GNSS-R and highlights the potential for

compressive sensing theory to address critical challenges in large-scale data handling.
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4.1 Introduction

The Global Navigation Satellite System (GNSS) constellations are initially developed for precise
Positioning, Navigation and Timing (PNT) services. The GNSS receivers majorly use the direct
satellite signal for the PNT applications. However, the development of the GNSS-Reflectometry
(GNSS-R) technique [55, 13], which utilises the earth-reflected multipath signals, has given rise to
a wide range of remote sensing applications. In GNSS-R, the earth-reflected signals are utilised in

a bistatic-radar scenario to study the geophysical properties of the underlying Earth’s surface.

The GNSS-R technique has been widely utilized for remote sensing applications such as
soil moisture estimation [17], sea state monitoring [161], snow depth measurement [109], vege-
tation growth analysis [68], and altimetry [12]. The use of Delay-Doppler Maps (DDM) [1] has
gained attention for extracting physical properties of the Earth’s surface. Beyond environmental
monitoring, GNSS-R has demonstrated significant potential for target detection and localization.
Additionally, it has been experimentally proved [133, 132, 131] that the GNSS signals can also
be used for target detection and localization by receiving the GNSS signals in a multi-static or
bi-static radar configuration. It is feasible to detect the target by using observations from a single
transmitter and receiving it using a single receiver. Target localization [162, 21] using GNSS-R can
be realized by obtaining signals from multiple transmitting satellites and receiving them using a
single receiver. Also, the existing GNSS and RNSS constellations guarantee that at least 4 satel-
lites are present at the same time, illuminating the same area. Therefore, a single receiver capable
of receiving the multi-frequency GNSS [163, 164] signal can form a multi-static radar system. The
availability of a greater number of observations can significantly improve the target detection and
localization performance. In a multi-static GNSS-R system, the target location can be estimated
if the bistatic ranges and the coordinates of the transmitters and the receiver are known. This
approach enables real-time target tracking, making GNSS-R a viable technique for applications

such as maritime surveillance, search and rescue operations, and defence-related monitoring.

Now, before processing the satellite signal for remote sensing or target tracking and
localisation application, satellite signal acquisition and an estimate of Doppler frequency and the

code delay are necessary. In order to get the navigation information and estimates of code delay
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and Doppler shift from the GNSS signal, a signal acquisition algorithm must be implemented.
The signal acquisition detects the satellite PRN code in the received signal and estimates code
delay and Doppler frequency related to the detected satellite. The signal acquisition is a 2D search
problem where the satellite code delay and Doppler frequency are searched by correlating the
incoming satellite signal with the locally generated C/A code over a given range of code delay and
Doppler frequency shift. Hence, the Doppler frequency bound is an essential parameter that needs
to be defined during the signal acquisition process. The theoretically calculated Doppler frequency
search range for GPS satellite signal acquisition is +5kHz, and £10kHz [139], for the static and
moving GPS receiver scenarios. In the signal acquisition process, the Doppler range needs to be
defined in order to cover all the expected Doppler frequency changes. The Doppler frequency range
for the GPS signal is already defined, whereas the Doppler range for NavIC-L5 multipath signal

acquisition has not yet been studied.

In this chapter, the Doppler frequency bound for NavIC-L5 multipath satellite signal
acquisition is estimated. It will help in fast signal acquisition while performing satellite signal
analysis for target-tracking or reflectometry applications. This research work provides a method-
ology for calculating the Doppler search range based on the reflection points, transmitter and
receiver’s position and velocity. The bound of Doppler frequency depends on the transmitter and
receiver’s velocity and position. The NavIC-L5 satellite velocity and related parameters, including
the elevation angle of all the NavIC-L5 transmitting satellites with different surface points, are
simulated using the STK software. The Doppler bound is calculated for NavIC multipath signal
acquisition, considering both the static and moving receiver scenario. The variation of Doppler
bound based on the location (i.e. latitude and longitude) of the receiver is also presented in this
work. The processing time and performance comparison are carried out based on the Doppler
bound calculated. The signal acquisition time has been significantly reduced by 70% and 60%
for static and moving receiver scenarios, respectively, based on the calculated Doppler frequency
bound. Further, the calculated Doppler bound is used to generate the Range-Doppler maps for
target localisation and tracking applications. This work presents the target localisation using the
GNSS-R technique. The target location is determined by optimizing three sets of bistatic ranges

obtained from multiple GNSS transmitters and a single receiver. The key observation for target lo-
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calisation is the difference between the direct signal path and the reflected multipath length, which
is also called the Bistatic Range. The calculated Doppler bound is integrated with GNSS-R. based

target localisation in order to reduce the processing time for Range-Doppler (RD) Map generation.

The rest of the chapter is organized as follows: we have first introduced the theoretical
concepts and methodology for Doppler bound calculation in Section II. The Range-Doppler map
generation and PDOP analysis are explained in Section III. The Doppler frequency bounds calcu-
lated for the static and moving receiver scenario and Range-Doppler maps are presented in Section
IV. Section V concludes the paper with discussions on the estimated Doppler frequency bound and

target location accuracy analysis using the GNSS multipath signal.

4.2 Doppler Frequency Range for NavlC-R

While receiving a satellite signal for a reflectometry application, a Doppler shift occurs, which is
caused by the motion of the transmitter relative to the receiver. The basic transmitter-surface-
receiver geometry is shown in Fig.4.1. The receiver (Rx.) is placed at height h from the ground
and has a velocity V,., as shown in Fig.4.1. The receiver moves in the (z,y) plane with velocity
component V., and V,, in the x and y direction. The transmitting satellite (Tx.) is the NavIC

satellite, which is placed in a geostationary (GEQO) and geosynchronous (GSO) orbit.

During the satellite signal acquisition, the acquisition algorithm estimates the satellite
code delay and Doppler frequency by searching through a range of Doppler frequencies and code

delay.

Therefore, the Doppler frequency shift experienced at various surface target points within
the NavIC service area is calculated in order to define the maximum and minimum Doppler shift
bound for performing signal acquisition. The bound on the Doppler frequency shift differs for the
static and the moving receiver scenario and is studied for both cases. Considering the flat-earth

scenario, the Doppler shift fy,, associated to surface point (x,y) is mathematically defined as
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Figure 4.1: Basic GNSS signal reception geometry.
[140]:

Viex +V; + L +Vizh
ACRSTTE) A @)

\/x2+(y+ bo)2 4 n?

Fasey = Vit = Viig] /A = [~Viy cosy — Vi siny +

tan -y

where 7t7 7T are the transmitter and receiver velocity and n;, ns are the unit vectors
in the incident and scattering directions. The GNSS signal wavelength is denoted by A. V;, and
Vi, are the transmitter velocity in the y and z direction. The x and y are the surface target point
coordinates. The receiver is at height h from the earth’s surface, having a velocity component as
Vez, Vey, Vi in 2,9y, 2z direction and « is the elevation angle. The Doppler frequency bound defined
in the acquisition algorithm is a function of transmitting satellite velocity, the receiver’s velocity
and position or the location of the surface target point. All the NavIC transmitting satellites in
geosynchronous and geostationary orbit are used for studying the Doppler bound. The Doppler
shift values at a particular surface target point are calculated corresponding to all seven NavIC
transmitting satellites, and then the maximum and minimum Doppler values for that particular

surface target point are selected.
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Now, a grid-based analysis is performed to calculate the Doppler frequency bound. The
surface target point is fixed for the grid-based analysis, and the transmitter position is varied for
24 hours. The 72 grid-points are taken within the NavIC service area. The 72 surface target points
are uniformly distributed with a Longitude range from 60° to 100° and a Latitude range of 5° to
40° with a spacing of 5° in both latitude and longitude axis. The simulation is performed in STK
software to extract the relevant parameters, including the NavIC transmitting satellite velocity
and elevation angle. The elevation angle for all the surface points with respect to all the NavIC
transmitting satellites is simulated using the STK and is further used to calculate the Doppler
frequency bound. This work considers 72 surface target points within the NavIC service area. The
surface target points in a grid-based scenario and the transmitting NavIC satellites are shown in
Fig. 4.2. The Doppler frequency bound is calculated for both the static receiver scenario and the
moving receiver scenario with the receiver placed on a Unmanned Aerial Vehicle (UAV) and a Low

Earth Orbit (LEO) satellite.

\argel?)z -
argeted

argetsd

arg

‘
NSS-1C_40269

Figure 4.2: Surface target points location.

4.2.1 Static Case:

The Doppler frequency for the static receiver scenario is calculated using (4.1) and taking the

receiver velocity components as zero. Hence, (4.1) can be written as:

fazy = [=Viy.cosy — Vi..siny]/A (4.2)
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The maximum and minimum Doppler frequency associated with all the target points and the
NavIC transmitting satellites is calculated using (4.2). The maximum and minimum values of
Doppler for a particular surface point are selected from the Doppler values obtained corresponding
to all 7 satellites. Based on the maximum and minimum Doppler values related to all the target

points, the Doppler frequency bound for the static receiver case is defined.

4.2.2 Dynamic case:

Now, considering the moving receiver scenario, we have to calculate the maximum and minimum
components of receiver velocity to get the maximum and minimum bound of Doppler frequency.
The surface point defined in (4.1) can be represented in terms of latitude (®) and longitude (©)

as follows:

x = Rcos®cos© (4.3)

y = Rcos®sin® (4.4)

where R is the radius of the Earth. The velocity components of the receiver in the x and y

directions are represented as :

Vrz =V cosa (4.5)

Viy = Vsina (4.6)

where V' is the magnitude of receiver velocity.

Now substituting, «,y, Vra, Viy in (4.1),

V cos (R cos ® cos ©) Vsina(Rcos(I)sin@+taZw) " h )
R’I‘I S + R’I”I S + Rrx S]/

4.7)

Jawy = [=Viycosy — Vizsiny +
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where R,; s is defined as :

h
Ry = \/(Rcos<1>cos ©)2 + (Rcos®sin® + ——)2 + h?
tan -y

Now, differentiating (4.7) with respect to «

d 1
% = ) [~V sina(Rcos®cosd) + V cosa(Rcos Psin© + tan~

)]

equating (4.9) to zero, we get :

Rcos®sin© + (ﬁ)

Rcos®cos©

1

a = tan~

In (4.10), considering h to be small compared to the radius of Earth, therefore :

« = tan"! [tan O]

a=0

(4.9)

(4.10)

(4.11)

After calculating the second derivative of (4.9), the value of f4 is :I:%R cos @ for o = 180+0© and

O, respectively. So, it is concluded that for a particular surface target point, the receiver’s velocity

component angle « should be equal to the longitude © and 180 + O, respectively, for maximum

and minimum values of Doppler frequency. By taking the a equal to the longitude © and 180°+ O,

the maximum and minimum Doppler frequency is calculated for the corresponding surface target

point. The procedure followed for estimating the Doppler frequency bound is summarised in the

Algorithm 2.

Algorithm 2: Doppler frequency calculation for a specific target point

Input: V;5y> ‘/tza ‘/r:m ‘/Ty7 ‘/7’27 CI), @
OUtput: fd,mawa fd7min
if Static Receiver then
| Calculate fgmaez and fq min using (4.2)
else
Calculate fq maqe using (4.7) with o = ©
Calculate fq min using (4.7) with a = 18040
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4.3 Target Localisation using GNSS-R and Accuracy Anal-

ysis

The bistatic range obtained using the multi-static GNSS-R configuration can be used for target
localisation. The bistatic range is defined as the difference between the direct and the reflected path
length. The bistatic range is then used in least square optimisation to perform target localisation.

The bistatic range-based target localisation is shown in Fig. 4.3.

Tx.2
Tx.1
Y

Reflected

Figure 4.3: Bistatic range-based target localisation

This system consists of multiple GNSS satellites as the transmitter and a single receiver
capable of receiving both direct and reflected signals. Now, in order to localize the ECEF co-
ordinates of a target point, 3 sets of observations are needed. The availability of 3 transmitting
satellites is checked for a particular receiver location at a given instant of time. The elevation
angle variation of all the 7 NavIC satellites for 24 hours at an interval of 10 minutes is shown in
Fig. 4.4. The three satellites having elevation angles in the range of 30° to 32° are selected for
target localisation using GNSS-R. The bistatic ranges are calculated between each transmitter and
the receiver. The obtained bistatic ranges are used as observations in order to perform the target

localisation. The bistatic range is defined as the difference between the direct and reflected path
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Figure 4.4: Elevation angle of 7 NavIC satellites for 24 hrs.

length. The direct, reflected path lengths and bistatic range are defined as:

direct : || T — R)|| (4.12)
reflected: | T — S|+ ||R— S| (4.13)
bistatic range (by) : (||T — S|+ ||R—S||) — (|T — RJ|) (4.14)

Where T'(Ty, Ty, T,), S(Ss,Sy,S:) and R(R,, Ry, R.) are the transmitters, target point,

and receiver location in the ECEF coordinate.

The optimisation of the bistatic range for target localisation can be written as follows:
§=arg min [b, —b,]  subject to /52 + S2+82=r, (4.15)

where b, is the estimated bistatic range obtained from the range-doppler map, and b,
is the true bistatic range, r. is the radius of Earth. The above optimization equation is used to
estimate the target point coordinates S(Sy, Sy, S.). The constraint ,/S2 + S2 + S2 = r, is used to
satisfy the condition that the estimated target point lies on the surface of Earth. After the target
point is calculated, the DOP analysis is performed for accuracy analysis. For DOP calculation,

the G matrix needs to be calculated, the G matrix is defined as:
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G=HH!

where H is the measurement Jacobian matrix. For the n satellite in view, H matrix is
an nx3 matrix, in which each term represents the direction vector between the transmitter, target

point and receiver.

The pseudo-range for reflected path length used for H matrix is expressed as:

pi =\ (Lo = 5202 + (Ty; — 8,02 + (Toj — 8202 + /(52 — Ru)? + (S, — Ry)? + (S: — R.)?

(4.16)

The approximate pseudo-range is written as :

ﬁj - \/(le - ‘gL)Q + (Tyj - Sy)2 + (sz - SZ)Q + \/(‘gx - RL)2 + (Sy - Ry)2 + (SZ - RZ)2

(4.17)

The H matrix used for the DOP is defined as a function of the bistatic range and written

as:

—(FesSe) o (Sipfle) (R (BT (TS 4 (S5

Tt1 Tr Tt1 Tr Tt1 Tr
Tpo—S. Sy—Ry _(Ty2—S5, Sy—R (T2 —S S.—R
_( ziw z) + ( T”‘r T) ( yrtz u) + ( yrr y) ( 22 z) + ( z z)

e r (4.18)

—(sfe) 4 (Bfe) (BT 4 (BTR) —(Tazi) 4 (550

Ttn Tr Ttn Tr Ttn Tr
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now for n number of satellite observations H and HT are written as:

H = (4.19)

Hyy Hy -+ Hp
H" = |Hy Hy --- Hpo (4.20)
Hy3 Hzz -+ Hps

Let’s compute G = (HT H)™1, which is further used for the calculation of PDOP.

1
> (Hq)? S HiaHp > HjiHs

T -1 n n n
G=(H"H)” = S HaHg Y0, (H; )2 S HipHis (4.21)

Sy HuHis Y HioHis Y (His)

where n is the number of transmitters and H;1, H;» and H;3 are as follows:

Ha = —(F=2) 4 () (122
Ty — S S, — R

Hip = (y” L)+ ( yr ) (4.23)
Tzi_Sz SZ_RZ

Hiz = —( - )+ ( " ) (4.24)

Further, representing the H; in terms of elevation angle (E). The distance r; and 7, can

be written as a function of elevation angle.

Now, the receiver and transmitter positions need to be transformed from ECEF to ENU
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conversion. The following conversion matrix is used for the same:

sin(0) cos(0) 0
Apnu = |sin(¢)cos(0) sin(¢)sin(d) cos(p)| * ApcEF (4.25)

cos(@)cos(0) cos(d)sin(0) sin(P)

where ¢ is latitude and @ is longitude of the reference point. Now H;1, H;2 and H;3 are written as

Tei — Sy . — R,

H; = —(M)sm(E) + (M)SZH(E) (4.26)
Tzifenu szenu

Hyy = f(Ty"i_Sy)sm(E) + (M)sm(E) (4.27)
Tzi—enu Rz—enu
T, . — —

His = —(%&)sm(E) + (SRf Rz)sin(E) (4.28)

Now in ENU frame w.r.t S(Sz, Sy, S-), Hi1, Hi2 and H;3 can be written as:

Ty —-R
Hy = —(—"—)sin(E) + ( T )sin(E) (4.29)
Tzifenu szenu
Ty . —R .
Hip = — (% —)sin(E) + ( Y sin(E) (4.30)
Tzi—enu Rz—enu
T . R, . .
Hiz = _(T - )sin(E) + (R )sin(F) = —2sin(E) (4.31)
Now evaluating %, I;Z and %, %’ as a function of elevation (F) and receiver azimuth

(4,) angle
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—_

(4.32)

(4.33)

(4.34)

where Ay; is the azimuth angle of the different transmitters with respect to the target point.

tan(A) =

&

R, = R tan(A;)

R,

_ y
and Ry = fan(Ay)

Now, substituting (24) and (25) in (22), we get:

R, 1
R.  tan(E)\/1+ tan(A,)
R, tan(A;)
R.  tan(E)\/1+tan2(A,)
Similarly,
T, 1
T.  tan(E)\/1+ tan?(Ay)
T, tan(A)
T. tan(E)\/1+ tan2(Ay)

Substituting (26), (27), (28) and (29) in (17), (18), we get:
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(4.36)

(4.37)

(4.38)

(4.39)

(4.40)

(4.41)



—cos(E) —cos(E)

o= V1+tan?(Ay)  \/1+ tan?(A,) (4.42)

- —tan(Ay)cos(E)  —tan(A,)cos(E)

2T it tan®(An) | /Lt fan(A,) (4.43)
Hi3=-2x S’Ln(E) (4.44)

In the above equation, H;;, H;» and H;3 are represented as a function of elevation and

azimuth angle only.

The PDOP is further calculated from the G Matrix as:

PDOP = /Gy + Gay + G33 (4.45)

G11,Gaa, and Gss are the diagonal terms of the G matrix given by (4.21). The G matrix
can be calculated using the elevation and azimuth angle of the receiver and the corresponding az-
imuth angle of the transmitter while performing the target localisation using the GNSS-R concept.
The elevation angle remains the same for all three different pairs of the transmitter, target point
and receiver. Meanwhile, the transmitter and receiver azimuth angles will be different for these
three pairs. Hence, the PDOP can be calculated by using the experimental values of azimuth and
elevation angle. After PDOP calculation, the bistatic range optimisation is also performed for the

target location estimation. The algorithm for the bistatic range optimisation is as follows:

4.4 Analysis and Results

The Doppler frequency bound that is required during the signal acquisition process is estimated
in this section. The calculation is performed for two scenarios: the static receiver and the moving

receiver platform. In the static receiver scenario, the velocity of the receiver is considered zero,
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Algorithm 3: Bistatic Range optimisation for Specular Point Estimation

Input: Receiver position R = [zg, yr, 2R];
True specular point Cypye = [T, y&U°, 25
Initial guess Cy;

Fixed transmitter positions T; for i =1,...,4;

Measurement noise standard deviation o;

Number of timesteps V;

Number of Monte Carlo runs M;

Maximum iterations, convergence tolerance.

Output: Mean estimation errors for x, y, and z at each timestep.

for m =1 to M do

Initialize Ceqg = Co;

fort=1to N do

Compute direct path: di*t = || T; — R;

Compute reflected path: di¢fected = | T; — Ciryell + [|Chrue — R
True bistatic range: birue = gieflected _ gdirect,

Add noise: b¢b = b + N(0, 02);

repeat

Compute estimated direct and reflected distances using Cegt;
b?St _ d;cﬁcctcd(cst) - d?irect;

Residual: r; = b2Ps — best;

Build Jacobian J;

Update: A = (JTWJ)"1JTWr;

Cest — Cest + A;

until convergence;

Save Cggt for timestep t;

Compute estimation errors: €, €, €.;
Compute mean estimation errors over all runs.

and hence (4.1) can be written as:

faoy = [~ Viycosy — V. siny]/A (4.46)

The Doppler bound for all the target point (x,y) as shown in Fig. 4.2 is calculated w.r.t all the
NavIC transmitting satellites using (4.46). The maximum values of Doppler frequency for different
longitudes with varying latitudes are shown in Fig.4.5a, and the maximum Doppler frequency
observed is 460 Hz. Similarly, the minimum values of the Doppler frequency variation over all the
target points are shown in Fig. 4.5b. The minimum frequency bound observed is -540 Hz. Hence,
as observed from Fig. 4.5a and Fig. 4.5b, the Doppler frequency bound for the static receiver
case is taken as £ 550 Hz. The 2D heatmap representation of maximum and minimum Doppler
frequency values for the different latitude and longitude points within the NavIC service area are
shown in Fig. 4.6a and Fig. 4.6b, respectively. The minimum and maximum Doppler values for

all the considered grid points over NavIC service region are represented in Fig. 4.8.
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Figure 4.5: Maximum and Minimum Doppler frequency values for all surface points for static
receiver scenario.
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Figure 4.6: Heatmap of Maximum and Minimum Doppler frequency values for all surface points
for static receiver scenario.

Now, considering the moving receiver scenario, the Doppler frequency bound is calculated
using (4.7), with « values equal to the longitude © for the maximum Doppler values and o =
180° 4 © for minimum Doppler value. The Doppler frequency is calculated for two cases with the
receiver placed on a Unmanned Aerial Vehicle (UAV) and Low Earth Orbit (LEO) satellite. In
the case of the receiver placed on a UAV, the Doppler frequency does not change significantly with
the change in receiver velocity, as the velocity of a UAV is much less compared to the velocity of
the NavIC transmitter satellite in the Geostationary (GEO) and Inclined Geosynchronous orbits
(IGSO). However, in the case of a receiver placed on-board a LEO satellite, the Doppler frequency
depends on the receiver velocity. The LEO satellites at an altitude range from 200 Km-1000 Km
have a velocity range of 7.78 Km/s - 7.35 Km/s. The maximum and minimum Doppler frequency

is calculated using algorithm 2 for the receiver placed on a LEO satellite with different latitudes
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and varying longitudes of the target points are shown in Fig. 4.7a and Fig. 4.7b, respectively. The
Doppler shift values are calculated for a LEO altitude of 200 Km with the corresponding velocity

of 7.78 Km/s.

Doppler Frequency (Hz)
Doppler Frequency (Hz)

5 10 15 20 25 30 35 40
Latitude (degree) . Latitude (degree)
(a) Maximum Doppler Values (b) Minimum Doppler Values

Figure 4.7: Maximum and Minimum Doppler frequency values for receiver onboard LEO satellite.

From Fig. 4.7a and Fig. 4.7b, the Doppler bound for the LEO receiver scenario can be
considered as + 3.7 kHz. The 2D heatmap representation of maximum and minimum Doppler
frequency values for the different latitude and longitude points for moving receiver scenario within

the NavIC service area are shown in Fig. 4.8a and Fig. 4.8b, respectively. The Doppler frequency
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Figure 4.8: Heatmap of Maximum and Minimum Doppler frequency values for receiver onboard
LEO satellite.

bounds calculated for NavIC-L5 multipath satellite signals for static and moving receivers are then
used in signal acquisition algorithms. The Doppler bound presented in this paper can be used for
performing satellite signal acquisition for the NavIC-Reflectometry application [165]. For signal

acquisition processing time comparison, the Doppler bound of + 0.55 kHz is used for performing
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Table 4.1: Signal acquisition time comparison for static receiver case.

Doppler Frequency Bound | Signal Acquisition Time

(kHz) (sec.)
+ 0.55 0.65
+5 2.19

Table 4.2: Signal acquisition time comparison for moving receiver case for receiver onboard a LEO
satellite.

Doppler Frequency Bound | Signal Acquisition Time

(kHz) (sec.)
+ 3.7 14
+ 10 3.58

NavIC-L5 signal acquisition, and the acquisition time is 0.65 sec. It is 70% less compared to the
acquisition time of 2 sec., calculated using standard 4+ 5kHz Doppler frequency bound, which is
used for GPS satellite signal acquisition. Similarly, the signal acquisition time is calculated for the
LEO receiver scenario using both the estimated Doppler bound of + 3.7 kHz and the standard £ 10
kHz Doppler bound. The signal acquisition time for the moving receiver scenario is 1.4 sec, which
is 60% less than the acquisition time of 3.58 sec for + 10 kHz. The acquisition time calculated for
different frequency bounds for static and moving receiver scenarios is presented in Table. 4.1 and
Table. 4.2, respectively. The signal acquisition time reduction presented here is the average of 100
repeated trials. It will further help in resource optimisation by reducing the required number of

correlators while processing a large data set for reflectometry analysis.

Once the Doppler bounds are calculated, the Range-Doppler (R-D) maps are generated
using the GNSS RF signal. The NavIC-L5 RF signals are received using the SIMAC-2 GNSS
simulator, including both the direct signal and the target-reflected signal. The bistatic ranges
are calculated between four transmitters and a single receiver and are used as observations in

least square estimation in order to estimate the target location. The noise in direct path length
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is considered as 20m, and similarly, considering the same clock bias and atmosphere conditions,
a noise of 20m is added to the reflected path length. Hence, the additive noise in the bistatic
range is 28m. The bistatic ranges are calculated between four transmitters and a single receiver
and are used as observations in least square estimation in order to estimate the target location.
All the transmitter, receiver and target positions are in the ECEF coordinate system. The four

transmitter coordinates in km are:

Tx1 (-13219.83 km,38906.22 km,-9075.27 km)

Tx2 (35484.96 km,22624.90 km,-310.25 km)

Tx3 (20641.81 km,34165.59 km,-13776.98 km)

Tx4 (22090.38 km,14617.84 km,3618.04 km)

The receiver coordinates in km are as follows:

Rx (1239.26 km,5464.79 km,3038.77 km).

These bistatic ranges are used to estimate the target location using the Least square
estimation method, and the norm difference between the true and estimated position is 78m, with
an uncertainty of 130m and a GDOP value of 4.57. The estimation error in the x, y and z positions,
along with the norm of error, is shown in Fig. 4.9. The estimation errors are presented for the
Monte-Carlo simulation of 100 runs,215 and the errors are within the 100m bounds. The confidence
interval analysis is also performed, and the 50(CEP) plot for the x-y, y-z and x-z planes is shown

in Fig. 4.10.

The bistatic ranges for optimisation are obtained from the R-D map, developed using the
received RF signal. For generating the R-D map, the signal delay of the direct signal is estimated
for the synchronization. The calculated delay is used to align the noise-free PRN code. The aligned
PRN code is further correlated with the received RF signal. It resulted in R-D maps with a direct
signal peak at zero delays, with a multipath signal peak at the distance corresponding to the

bistatic range of the target. The R-D map for an RF signal is shown in Fig. 4.11. In Fig.4.11, the
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corresponding bistatic range is 1399 m. The bistatic ranges calculated from R-D maps match the
theoretical bistatic range for the particular scenario. The signal acquisition time is also calculated
for this experiment for +1 kHz and +5 kHz Doppler bound. The signal acquisition time is 0.15
sec and 0.21 sec for +1 kHz and £5 kHz respectively. Therefore, Doppler bound calculation for

the NavIC signal is necessary as it reduces the processing time while generating the R-D map and
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performing the target localisation using GNSS-R.
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Figure 4.11: Range-Doppler Map example

4.5 Conclusion

This work introduces a comprehensive study on the GNSS-R based target localisation and Doppler
frequency bound estimation for the NavIC-L5 multipath signals within the NavIC service area.
Target localisation is performed using the GNSS-R technique by optimizing the bistatic range
obtained from multi-static scenarios using the least square estimation technique. The bistatic
range is calculated for the 4 pairs of observations and is used for the target tracking. The estimated
target location is close to the true target point position, with a norm difference of 78m between
the two positions and an uncertainty of 91m with an added random noise of 28m in the bistatic

range.

Further, Doppler frequency bound calculation is necessary as it is required during the
signal acquisition for target tracking applications. The estimation of Doppler frequency bounds for
NavIC-L5 multipath signals, observed at various surface locations within the NavIC service area
is calculated. The analysis begins with defining the maximum and minimum Doppler frequency
bounds based on calculations performed at different surface target points. These bounds are
then utilized to optimize the signal acquisition process by narrowing the Doppler search range,
thereby improving acquisition efficiency and reducing computational load. The Doppler frequency

bound calculations are extended to both static and moving receiver scenarios, enabling a broader
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understanding of signal behaviour across diverse setups. For a static receiver, the Doppler frequency
bound is found to be £ 0.55 kHz, whereas, for a moving receiver onboard a Low Earth Orbit (LEO)
satellite with a velocity of 7.78 Km/s, the bound increases significantly to 4+ 3.7 kHz. In contrast,
for a moving receiver onboard a UAV, the Doppler variation is minimal due to the lower velocity
of the UAV compared to the NavIC satellite. These findings highlight the influence of receiver

dynamics on Doppler frequency bounds and their implications for signal acquisition.

The calculated Doppler bounds are particularly useful for defining the search range during
signal acquisition, thereby minimizing the processing time and computational effort required for
GNSS-R analysis. These advancements not only contribute to the field of GNSS-R but also pave
the way for improved remote sensing applications, including maritime surveillance, environmental

monitoring, and disaster management.

Further, the results are limited to simulated scenarios, and the actual performance in
real-world conditions, especially under noisy signal environments and cluttered reflective surfaces,
may vary. The future research can be directed toward validating the proposed methodology using
field experiments with UAV or satellite-mounted receivers. Incorporating real signal acquisition
from the NavIC constellation over diverse terrains such as forests, water bodies, and urban areas

will help quantify environmental impacts on bistatic range accuracy.
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Chapter 5

GNSS-R Hardware System Design

and Real-time Experimentation

Contents
5.1 Introduction . . . . . . . . .. i e e e e e e e 85
5.2 Theoretical Background . ... .. ..... ... . ... 00000, 87
5.3 Simulation and Experimental Setup .. ... .............. 89
5.3.1 Numerical Simulation Framework . . . . . . .. ... ... ... .. .. 90
5.3.2 Hardware-In-Loop (HIL) Simulation Framework . . . ... .. ... .. 90
5.4 GNSS/RNSS-Reflectometry Receiver Design . . . ... ... .. .. 94
5.4.1 RF Front-End Design . . . . . ... ... ... .. L. 94
5.4.2 Mixed-Signal Segment . . . . .. ... Lo 98
5.4.3 Processing Unit . . . . . . . . . .. 98
5.5 Comparison with Existing GNSS-R receivers. . . . . ... ... ... 99
5.6 Field-Experiment . . . . ... .. ... .. 99
5.7 Resultsand Analysis . . ... ... ... oo, 102
5.8 Conclusion . .. ... ... .. it e e e 104

84



5.1 Introduction

Global Navigation Satellite System (GNSS) constellations are typically used for Positioning, Nav-
igation and Timing (PNT) services. In addition, there are Regional Navigation Satellite Systems
(RNSS) such as Navigation using Indian Constellation (NavIC) and Quasi-Zenith Satellite System
(QZSS) for enhancing the regional PNT performances [166, 167]. Beyond the traditional PNT
services, the GNSS and RNSS signals [168, 169] can successfully be used for remote sensing ap-
plications, and this process is termed as GNSS-Reflectometry (GNSS-R) [2]. Moreover, with the
expanse of various global and regional navigation satellite systems, the GNSS-R technique has
gained attention from the scientific communities. GNSS-R uses satellite navigation signals as the
signal of opportunity [170, 171] for remote sensing purposes. It is a passive and cost-effective
remote sensing technique that allows the monitoring of geophysical parameters [172] by processing
the multipath GNSS signals reflected from the Earth’s surface. The GNSS-R technique follows the
bi-static or multi-static radar configuration principle, where the receiver and the transmitter are
not co-located [173]. In GNSS-R, the existing GNSS satellite constellations are used as the signal
transmitters, and the GNSS-R receiver payload can be positioned on a Low-Earth Orbit (LEO)
satellite [4, 174, 175, 176] or an Unmanned Aerial Vehicle (UAV) [177, 178]. The ability to use
GNSS signals for reflectometry and scatterometry was first proposed in 1988 [55]. Then, its first
application for mesoscale ocean altimetry [13] was performed in 1993 using the PAssive Reflectome-
try and Interferometry System (PARIS) concept. Several spaceborne missions [179, 180], including
TechDemoSat (TDS)-1 and NASA’s Cyclone Global Navigation Satellite System (CYGNSS), have
successfully demonstrated the remote sensing capability of GNSS-R [100, 181]. The CYGNSS
mission is a constellation of eight satellites to measure wind speeds over Earth’s oceans [182].
CYGNSS mission also provided a large number of terrestrial observations for land surface remote
sensing applications [183]. The application of the GNSS-R technique is expanded to soil moisture
estimation [184, 17], vegetation cover [16, 185], snow depth measurement [186, 187], wind speed

retrieval [188], and many more. Several satellite missions [189, 190, 191, 192], ground-based and
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spaceborne[193] experiments have demonstrated the practicality of retrieving the Earth’s geophys-
ical parameters [194] using the GNSS-R technique. Prior research in GNSS-R is mainly focused
on characterising the Signal to Noise Ratio (SNR) [24, 15], Carrier to Noise Ratio C/No [195],
and Phase and Amplitude characteristics. The Delay waveform is also used to study the Earth’s
surface characteristics. However, it is insufficient to capture the impact of noise and the specular

point geometry [196].

The above-mentioned works are mainly focused on using GPS [197], Galileo [198], or
BeiDou [199] satellite constellation signals. However, the remote sensing capability of NavIC has
yet to be extensively assessed. In addition, the existing research on NavIC reflectometry is majorly
restricted to the analysis of multipath signals acquired using commercial NavIC navigation receivers
[200], which restricts the scope of the research. The proposed research focuses on developing and
assessing the capability of a Software Defined Radio (SDR) based GNSS-R receiver for studying
the direct and reflected GNSS and RNSS signals for remote sensing applications. The direct GNSS
signals have Right Hand Circular Polarisation (RHCP), whereas the reflected signals are Left
Hand Circular Polarised (LHCP). Hence, a dedicated circular polarised (CP) antenna is required
to receive the GNSS signal. Therefore, a CP antenna is designed to receive both RHCP and LHCP
NavIC-L5 and GPS-L1 signals. The field experiments are performed using the proposed GNSS
antenna to collect the real-time NavIC-L5, and GPS-L1 reflected and direct signals and further
process them for reflectometry applications. The received RF signal is digitised using the SDR
front-end and stored as In-phase (I) and Quadrature (Q) phase signals. Further, the received signals
are processed into Delay-Doppler Maps (DDMs), which is a measure of the reflected signal power
and is a function of reflecting surface properties. The brief theoretical background of the GNSS-R
technique, along with the DDM generation and real-time signal acquisition, is explained in the
next section. The Numerical Simulation and Hardware-In-Loop (HIL) simulator developed by[165]
for the NavIC-R experiments is also described briefly as a part of the experimental framework.
The proposed GNSS-R hardware is explained and compared with the existing GNSS-R missions in
the following section. The comparison results and analysis of the theoretical, HIL simulator and
field experiments are summarized in Results and Analysis. Concluding remarks, along with future

work, are discussed at the end of this chapter.
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5.2 Theoretical Background

In the GNSS-R technique, the bi-static radar configuration is used to receive the GNSS satellite
signals. The characteristics [201] of the received reflected GNSS signal changes based on the
properties of the reflecting surface. The bi-static radar configuration of the GNSS-R geometry
is shown in Fig. 5.1. In this figure, the GNSS/RNSS satellite is used as a navigation signal
transmitter, with reflectometry receiver payloads mounted on the LEO satellite and a UAV flying
at a certain height above the ground. The direct satellite signals are received using the Right-Hand
Circular Polarised (RHCP) antenna. The signal polarisation changes when the signal reflects from
any surface. At the same time, the reflected signals are acquired using a left-hand circular polarised

(LHCP) antenna pointed in the direction of the nadir.

GNSS Satellite

GNSS-R Receiver
on-board LEO

_ _, satellite
/// ) \\\\

’'s F|rsZtO|;reesneI Earth's Surface

Figure 5.1: GNSS-R geometry

After receiving the GNSS signal, satellite signal acquisition is performed in order to detect
the satellite PRN. Satellite signal acquisition is carried out by correlating the incoming satellite
signal with the local C/A code, and then performing the peak detection. Generally, 1 ms of signal
is used for satellite acquisition, whereas for real-time signal acquisition, a long input signal is
necessary. As the real-time signal can be weak, hence, there is a need to collect more input data

and perform coherent or non-coherent integration techniques [150] for satellite signal acquisition.
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The received real-time GNSS signals are down-converted and passed through a notch filter, before
implementing the signal acquisition block. After signal acquisition, the received reflected GNSS
signals are processed to generate a Delay Doppler Map (DDM) [1] which is the 2D characterization
of the reflected power over the delay-Doppler space. The DDM depends on the transmitter-
surface-receiver geometry and physical properties of the reflecting surface. The power distribution
P(7, f) of the DDM over delay (7) and doppler-shifted frequency f can be represented using the

conventional bistatic radar observation [202]:

2 G/\2
P ) = s / | oo Fon o0 (5.1)

where T; refers to the coherent integration time, P; denotes the NavIC signal transmitted
power, A is the GNSS signal wavelength, G, and G; are the receiving and transmitting antenna
gain respectively, R;s and R, are distances from the transmitter and the receiver to the surface

specular point respectively, oo, is the bistatic radar coefficient for a particular pg polarisation,

Pq
and x(p}d7,0f) is known as the Woodward Ambiguity Function (WAF). WAF is a product of two
functions, associated with the Delay offset (7) and Doppler shifts (f). WAF is expressed as follows
[140]:

X2(7;07,8f) = A*(1) - [S(f)[° (5.2)

where A = 1—|7] /7. if |7| < 7. and 0 otherwise, here 7. represents the C/A code chip length. And

[S(N)I = |sin(z f)/ (= f)].

To simulate DDMs, integration in (5.1) needs to be performed for every Delay and Doppler
pair. The above simulation becomes a cumbersome and computationally expensive task. To further
simplify the DDM simulation process, (5.1) can be written as a 2D-convolution of the WAF, and
the weight factor assigned to each Delay-Doppler pair [140]. Theoretically, the received coherent

peak power of the DDM follows the bistatic radar equation, and it is given as [61]:

PA’GYG,
(47)2(Res + Rrs)?

Pt = Lp(es,60:) (5.3)
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where I', refers to the surface reflectivity for a specific polarization p. According to

the bistatic radar equation, the coherently reflected power at the receiver is a function of surface

reflectivity I',. Therefore, the received reflected signals can successfully be used for remote sensing

applications.

5.3 Simulation and Experimental Setup

This section is divided into two parts where the development of numerical simulator and the HIL

simulator model is discussed. The numerical simulation is based on the bi-static radar theory, as

discussed in the theoretical background section. The developed models are further used for the

verification of the field-experiments. The GNSS-R HIL simulator testbed developed by [160] is also

discussed in this section.

Grid point
. Geometry | Calculation for
' | Parameters "|different Delay- l
' Doppler pairs.
Weight Factor 2D-Convolution Output: Peak Power |
for Delay- —> of WAFand [—> DDM > Calculati :
Surface Doppler Pairs. Weight factor aleutation
reflectivity and
' Surface Rx. Power —} A 0
H calculation for
i | Parameters Delay-Doppler
grid. MATLAB Environment
Output
_______________________________________________________________________________ Comparison |
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: Frequency 5
GNSS RF Signal : . .| Output .| Peak Power | :
enali_,, > Domain > DDM >l Calculation | |
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GNSS RF signal Simulator

BladeRF SDR
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MATLAB/Python Environment

Figure 5.2: Numerical and Experimental simulation framework, describing the DDM generation
and peak-power calculation using the numerical calculation and experimental hardware-in-loop

setup.
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5.3.1 Numerical Simulation Framework

The numerical simulation of the DDM is divided into two parts: Geometry and Surface parame-
ters initialization and the DDM generation. It is implemented in MATLAB, using the equations
defined in the theoretical section, and the framework is shown in Fig. 5.2. The geometry and
surface parameter initialization are taken as the input for the numerical simulator. The geometry
parameters include the height of the transmitter and the receiver from the ground surface. The
transmitter and receiver antenna gain G;,G,, GNSS transmitted signal power P;, and the inci-
dence angle ; are also part of the geometry parameters. The geometry parameters are further
used to calculate the R;s and R, for the different Delay-Doppler grid points. To obtain the DDM,
the WAF is simulated for all (7, f) cells using the (5.2). The receiver and transmitter geometry
are used along with the surface dielectric constant, which is a surface parameter, to calculate the
surface reflectivity and the received coherent peak power for assigning a weight factor for each
delay-Doppler grid point. The 2D convolution of the WAF and the weight factor results in the
Delay Doppler Map. The numerical simulator is designed to verify the results of the experimental

simulator that are obtained using the simulated NavIC-L5 and GPS-L1 RF signal.

5.3.2 Hardware-In-Loop (HIL) Simulation Framework

The experimental setup for generating the DDM using the GNSS-R is shown in Fig. 5.2. The
NavIC-L5 and GPS-L1 RF reflected signal studied in the HIL simulator is simulated using the
SIMAC2 GNSS Simulator. The BladeRF SDR is the hardware module that is involved in signal
acquisition during the HIL experiment. The Nuand BladeRF x115 is used as a GNSS signal receiver
unit. It can be tuned to a frequency range of 300 MHz to 3.8 GHz and, hence, is suitable for all
the GNSS frequency bands (L1 (1575.42 MHz), L (1227.6 MHz) and L5 (1176.45 MHz)). The
BladeRF SD is used as a digital front-end device to receive the GNSS RF signals and downconvert
the received GNSS signal to the baseband signal. The BladeRF digitized RF signal can be stored
as a .csv or .bin file, which includes the In-phase and Quadrature phase (I/Q) GNSS signal. The
BladeRF x115 is paired with a Nuand XB-300 amplifier. Nuand XB-300 amplifier is a Low-Noise

Amplifier (LNA) with a typical gain of 21 dB at 2.0 GHz and a bandwidth ranging from 500
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MHz to 5 GHz. The single-board processing unit used in the receiver setup is a Raspberry Pi 4
model B (RPi-4b). The RPi-4B model is used because it has a USB-3.0 port, which supports a
faster data transfer rate. The Ubuntu 20.04 is installed on RPi-4B to interface the BladeRF SDR
and process the stored GNSS signal. The BladeRF software and the expansion board XB-300
software is installed in linux on RPi. The BladeRF SDR front-end receives the GNSS RF signal
and digitizes it into In-phase (I) and Quadrature Phase (Q) data which is then transferred to the
MATLAB/Python environment for further processing. The workflow and the hardware devices
involved are shown in Fig.5.3. In Fig.5.3, it is shown that GNSS RF signals are simulated using
the GNSS simulator. The output of the GNSS simulator is connected to the RX input of the SDR.

The signals are further received using the RPi and the signal processing is performed on-board

RPi only.
Satellite signal
acquisition on-
board RPi
: e ] DDM Generation
SIMAC2 for GNSS-R
applications
GNSS Simulator SDR-Rec'elver e%nd Python
Processing unit Environment

Figure 5.3: Multi-frequency GNSS simulator hardware and workflow

The hardware includes the GNSS simulator and receiver unit and a software processing
block to process the GNSS signal. The single-board processing unit used in the receiver setup is
a Raspberry Pi 4 model B (RPi-4b). The RPi-4B model is used because it has a USB-3.0 port,
which supports a faster data transfer rate. The Ubuntu 20.04 is installed on RPi-4B to interface
the BladeRF SDR and process the stored GNSS signal. The GNSS signal is processed in a Python
environment for satellite signal acquisition and DDM generation. The hardware SDR-Receiver
setup is shown in Fig.5.4. The BladeRF x115 receiver port is connected to the GNSS signal
simulator via a sma-to-sma connector to receive the GNSS RF signals. The BladeRF is further
connected to RPi-4B using a USB 3.0 SS cable. The RPi-4B is connected to a 5V-DC power

supply, and the bladeRF is powered by RPi-4B itself.

The multi-frequency GNSS signals are simulated using the Accord’s SIMAC2 GNSS sim-
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Figure 5.4: SDR-Receiver and on-board processing unit

ulator. It has the capability to generate the multipath NavIC-L5 and GPS-L1 satellite signals.
The BladeRF Software Defined Radio (SDR) Receiver is tuned to receive both the GPS-L1 and
NavIC-L5 satellite signals. The BladeRF is interfaced via commands from the onboard processing
unit, i.e. RaspberryPi. The script followed for receiving the multi-frequency GNSS signal is sum-
marized and explained in Algorithm 4. The script is implemented in Raspberry Pi, and it collects
both the NavIC-L5 and GPS-L1 signals simultaneously in a single run. The collected binary data
files are read and further processed for satellite signal acquisition and DDM generation using the

Python script.

The Frequency-Domain Acquisition (FDM) [138] is performed for satellite PRN [203]
search and to identify the satellite Delay and Doppler variations which result in the DDM. The FDM
acquisition method involves the correlation of incoming satellite signals with the locally generated
PRN code in the frequency domain. The Parallel Code Phase Search (PCPS) Acquisition [152]
technique is used for the signal acquisition. In the PCPS algorithm, the acquisition is performed
in parallel, and it significantly speeds up the acquisition process [204]. The PCPS algorithm for

satellite signal acquisition is outlined in the following block diagram in Fig.5.5.

Typically, 1 ms of data length is selected for performing the satellite signal acquisition,

whereas for the weak satellite signal acquisition, it is necessary to perform coherent or non-coherent
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Algorithm 4: Multi-frequency GNSS signal receiving script

STEP1: Receiving the NavIC-L5 signals

e set frequency rx 1176.45M

e set samplerate rx 16M

e set bandwidth rx 5M

e 1x config file=NavICL5.bin format=bin n=1M

e 1X start;

e rx wait

STEP2: Receiving the GPS-L1 signals

e change the rx frequency to 1575.42M

e change the filename to GPSL1.bin

e repeat the steps given in STEP1

OUTPUT: NavIC and GPS 1/Q data (NavICL5.bin, GPSL1.bin)
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Figure 5.5: Block diagram of satellite signal acquisition algorithm

integration to improve the detection output [150]. After performing the satellite acquisition to
detect the available satellites, Delay Doppler Map (DDM) generation is the next step for performing
GNSS-R analysis. The different time delay and Doppler shift around the specular point along with
the associated received power, is represented as the DDM. The received coherent peak power P;Oh
is derived from the DDM observable and can further be used to calculate the surface reflectivity

Tp-

5.4 GNSS/RNSS-Reflectometry Receiver Design

The reflectometry receiver proposed in this work is divided into three parts: RF front-end, mixed-
signal segment, and general-purpose processing unit. The complete architecture of the GNSS-R
Receiver Design is shown in Fig. 5.6. The proposed receiver consists of an in-house designed and
fabricated GNSS antenna. After the antenna, two LNAs are connected to increase the received
signal strength. The 2nd LNA is connected to the receiving port of the BladeRF SDR. The
BladeRF is finally interfaced using an RPi 4B. A detailed explanation of these blocks is provided

in the next section.

5.4.1 RF Front-End Design

The analog RF front-end consists of a passive antenna, which is used to receive both the direct
and reflected (LHCP) GNSS RF signals. The commercially available antennas for receiving GNSS-

reflected signals are costly, bulky and not readily available. Therefore, we have designed, fabricated,
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Figure 5.6: GNSS-R Receiver Architecture

and tested a PCB-based CP antenna in-house. This antenna is low-cost, lightweight, and suitable

for onboard drone usage, as well. The front and back view of the antenna is shown in Fig. 5.7.

It has a U-shaped slot and is fed using two microstrip lines. The antenna is fabricated on a FR-4

substrate material. The following paper [205] is taken as the reference for the proposed antenna

design. The fabricated GNSS antenna based on the design is shown in Fig. 5.8. Further, this

fabricated antenna is used for field experimentation.
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(a) Front View of designed Antenna (b) Back View of designed Antenna

Figure 5.7: Antenna Design

The antenna design parameters are as follows: The antenna ground dimensions Gl and

Gw are 95 mm and 105 mm, respectively. The width of the slot a is 29 mm. The microstrip feed
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Figure 5.8: Fabricated Antenna

port lengths Pl and Pw are 2.85 mm and 24.18 mm, respectively. The dimensions cc, d and w are
16 mm, 4.23 mm and 4.68 mm, respectively. The S-parameters (S11, S21 and S22) of the proposed

antenna are shown below in Fig. 5.9:
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Frequency/GHz

Figure 5.9: S-Parameters of Proposed Antenna

The S11 is less than -10 dB from 1.0 GHz to 1.25 GHz, as shown in Fig. 5.9 covering
the required frequency range of GNSS signals. The axial ratio of the proposed antenna is shown
in Fig. 5.11. The axial ratio is below 3db in the frequency range from 1.0 GHz to 1.3 GHz for the

required frequency range, which is needed for a CP antenna.

The radiation pattern of the proposed antenna at 1.176 GHz is shown below in Fig. 5.11.

It can be observed that port 1 provides LHCP as co-polarized radiation, whereas port 2 exhibits
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Figure 5.10: Axial-Ratio for the proposed antenna when each of the two feeding ports, Port 1 (left)
and Port 2 (right), is excited individually

RHCP as co-polarized radiation. Thus, the antenna can be used as a dual circular polarized

antenna.
0° 0° ——LHCP
o 10 o LHCP 330° 10 30° |—
330 30 i _ RHCP
300° 60° 300° 60°
270° 90°  270° 90°
240° 120° 240° 120°
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Figure 5.11: Radiation Pattern at 1.176 GHz. Port 1 (left) and Port 2 (right) exhibit LHCP and
RHCP as co-polarized radiated patterns, respectively.

After the antenna is designed and fabricated, it is connected with the SDR receiver in
order to receive the GNSS-RF signal and perform the signal acquisition. The received signal is
analysed in MATLAB and it has been observed that the signal power is significantly low and it
was not possible to detect the visible satellites. In order to improve the signal strength two LNAs
are used to amplify the weak GNSS signal. The BGA125N6 ultra-low current low noise amplifier
for 1.2/L5 GNSS application by Infineon is used. Each of the LNA used have a frequency range of

1.164 GHz to 1.3 GHz and a gain of 20 dB.
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5.4.2 Mixed-Signal Segment

The mixed-signal segment comprises a BladeRF SDR. The Nuand BladeRF x115 SDR works in the
frequency range of 300 MHz to 3.8 GHz and, hence, is suitable for all the GNSS/RNSS frequency
bands (L1 (1575.42 MHz), L2 (1227.6 MHz) and L5 (1176.45 MHz)). The BladeRF x115 is paired
with a Nuand XB-300 amplifier that has a typical gain of 21 dB at 2.0 GHz. The BladeRF SDR
is used as a reprogrammable digital front-end device to receive the GNSS RF signals and down-
convert the received GNSS signal to the baseband signal. The BladeRF SDR is programmed to
receive 20ms of both the NavIC-L5 and GPS-L1 simultaneously and store it in two separate .bin
files. The BladeRF digitized RF signal can be stored as a .csv or .bin file, which includes the
In-phase and Quadrature phase (I/Q) GNSS signal. The BladeRF is further connected to the

processing unit using a USB 3.0 SS cable.

5.4.3 Processing Unit

The single-board processing unit utilized in the receiver setup is a Raspberry Pi 4 model B (RPi-
4B). The Ubuntu 20.04 is installed on RPi-4B to install and access the BladeRF SDR and process
the received GNSS signal. The received GNSS signals are processed within a Python environment
to perform satellite signal acquisition and DDM generation. The signal received through the
field experiment is down-converted [151] and passed through a digital notch filter [206] in order to
remove the DC component and mitigate unintentional narrowband interference. The unintentional
narrowband interference can be due to improper shielding of the equipment due to, which can pick
up unwanted signals from the environment. Also, the signals in adjacent bands will, at times,
fall within the range of frequencies processed by GNSS receivers [138]. After notch filtering, the
non-coherent integration technique is used to acquire satellite signals. The RPi-4B is connected
to an on-board 5V-DC power supply, and the BladeRF is powered by the RPi-4B. The complete
GNSS-R unit is 0.5kg in mass, and the board consisting of the Processing unit and the mixed-signal
segment has a dimension of 200x170x60 mm. The proposed hardware has a small size and low

power requirement; hence, the design is suitable to be used onboard a UAV or LEO satellite.
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5.5 Comparison with Existing GNSS-R receivers

The already existing GNSS-R includes the UK’s TechDemoSat (TDS)-1 and NASA’s Cyclone

Global Navigation Satellite System (CYGNSS). A detailed comparison of the capabilities of the

proposed GNSS-R receiver is presented in Table 5.1.

Table 5.1: Comparison of proposed GNSS-R receiver with existing technologies

Characteristics Proposed GNSS-R | TechDemoSat (TDS)-1 CYGNSS
Frequency Capability GPS-L1, NavIC-L5 L1 and L2C L1 GPS
1 Nadir, 1 Nadir, 2 Nadir,
Antenna Port (Zenith/Nadir)
1 Zenith 1 Zenith 1 Zenith
12/16 MHz, 16.367 MHz, 16.3602 MHz,
Sampling Rate
I, Q Both I only I only
200x170x60mm, 300x200x50mm, 300x200x50mm,
Size, Mass
0.5kg 2kg 2kg
Power Consumption 5W 4W and 9W 4W and 9W

5.6 Field-Experiment

A series of field experiments is conducted on 29th February 2024, 12:30 pm, at IIIT-Delhi, New

Delhi, India. The latitude and longitude of IIIT-Delhi are 28.5459° N, 77.2732° E. The designed

antenna is characterised for receiving the NavIC-L5 signals.

However, the receiver is able to

receive both the GPS-L1 signals and NavIC-L5. The field experiments are conducted to collect the

reflected GPS-L1 and NavIC-L5 signals, which can further be used for reflectometry applications.

The GNSS antenna is placed on a tripod and is connected to the BladeRF SDR using a SMA

cable. The direct RHCP GNSS signals are collected by facing the antenna upwards to the open
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sky. Whereas the antenna is faced towards the ground to collect the reflected LHCP GNSS signals.
First, the direct (RHCP) signal is collected using port 2 while terminating port 1 with a match
load (50€2). Subsequently, the reflected (LHCP) signal is collected using port 1, while terminating
port 2 with the match load. The SDR is programmed to collect both the GPS-L1 and NavIC-L5
signals with a centre frequency of 1575.42 MHz and 1176.45 MHz, respectively. The GNSS signals
are collected in real-time at a sampling frequency of 12 MHz and bandwidth of 5 MHz. The field
experimentation setup (left) and the receiver hardware (right) unit consisting of BladeRF SDR

and RPi are shown in Fig. 5.12.

Figure 5.12: Field Experiment Setup (left) and Receiver setup (right)

The direct and reflected signals are obtained in sequence, and the DDM are basically the
correlation of the PRN code with the direct and reflected signals. The reflected signal is collected
within 1 minute just after the direct signal is recorded. The change in the angle after 1 minute is

very small and is denoted as §. Considering the geometry given in Fig.5.13
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Figure 5.13: Signal reception geometry

R1

(S = —

cos 7
R1 = Rcosd

R — R1 = R(1 — cosf)
if § is small, cosd =~ 1

R—R1~0 (5.4)

Therefore, we have compared the results of the direct and reflected signals, as the change in satellite

distance is very small compared to the distance of the satellite from the receiver.

The direct and reflected signals received during the field experiments are processed into
DDMs. The DDMs for the NavIC-L5 direct and reflected signal are shown in Fig. 5.14. Satellite

PRN 4 is detected in the direct and the reflected NavIC-L5 signal, respectively.
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Figure 5.14: DDMs for NavIC-L5 direct (left) and reflected (middle) signal and the peak waveform
(right) for both the signals.
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Similarly, the DDMs for GPS-L1 direct and reflected signals are shown in Fig. 5.15. After

satellite acquisition, PRN 28 is detected both in direct and reflected GPS-L1 signals.
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Figure 5.15: DDMs for GPS-L1 direct (left) and reflected (middle) signal and the peak waveform
(right) for both the signals.

It is evident from the above DDMs shown in Fig. 5.14 and Fig. 5.15 that the delay in the
direct signal is slightly less as compared to the delay in the reflected signal. Also, the correlation
peak is less for the reflected signal as compared to the direct signal, which is due to multipath
reflections and attenuation. The peak waveform for both the direct and the reflected signal is also
shown in Fig. 5.14 and Fig. 5.15, which depicts the difference in the peak values of both the direct

and reflected signals.

5.7 Results and Analysis

The verification of numerical simulations and HIL testbed used for estimating DDM and deriving
the DDM peak power is performed by comparing their results together. The numerical simulation is
verified by comparing the generated DDM with the DDM obtained from the HIL simulation for the
same scenario. The DDM comparison for the numerical simulation and the HIL simulation is shown
in Fig. 5.16. The DDMs shown in Fig. 5.16 are in agreement with each other. Hence it validates

the numerical simulation as well as the HIL testbed developed for reflectometry application.

After verification of the numerical simulation and the HIL simulator testbed results, the
field experiments are carried out. The DDMs generated using the GNSS signals obtained from
the field experiments are also compared with the HIL and numerically generated DDMs. The
field experiments are carried out using the proposed receiver to collect the real-time GNSS RF

signals and generate the DDM. The comparison of DDMs obtained using numerical simulation,
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Figure 5.16: Comparison of numerically obtained DDM (left) and HIL simulation DDM (right)

HIL simulator and field-experiment obtained NavIC-L5 signals are presented in Fig. 5.17. The

NavIC satellite PRN 7 is detected in the received signal.
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Figure 5.17: Comparison of numerical simulated (left), HIL (middle) and Field-Experiment (right)
DDM for NavIC-L5 signal

The numerical simulation and the HIL DDM are in agreement with each other. Whereas
the received peak power levels of field-experiment obtained DDM is lower than the other two. The
power levels obtained from the field experiments are less because of the additional noise, which
is not present in the simulation. The field-experiment results have a slightly different Doppler
as well, which can be due to additional signal processing, which includes notch filtering and a
non-coherent integration technique. The delay is also higher in the field experiments, which is the
result of ionospheric and tropospheric effects which are not considered in the simulation. Similarly,
the comparison for the DDMs obtained using numerical simulation, HIL simulator and real-time
GPS-L1 signals are present in Fig. 5.18. The GPS satellite PRN 7 is detected in the received signal.
The DDMs for the three cases are in agreement with each other. However, the field-experiment
obtained DDM for GPS-L1 has lower peak power levels which is the result of additional noises and

higher multipath attenuation in the received signal. The delay in the field experiment is higher
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because of the ionospheric and tropospheric effects.
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Figure 5.18: Comparison of numerical simulated (left), HIL (middle) and Field-Experiment (right)
DDM for GPS-L1 signal

The results presented in this section shows the feasibility of using the proposed antenna
along with BladeRF SDR, and RaspberryPi for reflectometry applications. The field experiments
results are verified with the numerical and HIL simulation results. While the designed receiver
has demonstrated successful signal acquisition and DDM observable generation, the BladeRF SDR
has certain limitations. The sample rate should be adjusted according to the maximum achievable
sample rate related to the USB driver and system specifications. If the sample rate is not selected
correctly, the acquired samples will drop while receiving the signal. Also, the BladeRF doesn’t
support active antennas, hence, a passive antenna is required for receiving the satellite signals.
The BladeRF hardware used for the study is not radiation hardened, therefore it can’t be used on
a low-earth satellite platform, whereas it is suitable for drone/UAV based applications. The power
consumption requirement of BladeRF is 4.5W, hence it can be easily used for drone based GNSS-R
applications. In future, we plan to make proposed GNSS-R payload radiation hardened for satellite
missions. Further research is necessary to explore the capability of NavIC-R in a wide range of
applications such as sea state estimation, snow depth estimation, drought and flood monitoring

and many more.

5.8 Conclusion

This research introduces an innovative Software-Defined Radio (SDR)-based multi-constellation
GNSS-Reflectometry (GNSS-R) receiver designed specifically for acquiring and processing reflected

NavIC-L5 and GPS-L1 signals. The primary objective of this work is to demonstrate the poten-
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tial of such a receiver for remote sensing applications, with a particular emphasis on the unique
capabilities of NavIC-L5 signals. This study serves as a proof-of-concept, marking one of the first
attempts to utilize NavIC-L5 signals for GNSS-Reflectometry, thereby broadening the scope of
GNSS-R applications beyond the traditional reliance on GPS signals. The proposed receiver was
developed with a focus on versatility, compactness, and efficiency, enabling it to operate effec-
tively as a multi-constellation GNSS-R platform. Its performance was demonstrated through a
combination of numerical simulations, hardware-in-the-loop (HIL) simulator testbed validations,
and real-world field experiments. The integration of these methodologies ensured a comprehensive

evaluation of the receiver’s capabilities in both controlled and practical environments.

Field experiments were conducted to validate the receiver’s ability to acquire and process
GNSS signals for reflectometry purposes. These experiments successfully demonstrated that the
receiver is capable of receiving both the direct (Right-Hand Circularly Polarized, RHCP) and
reflected (Left-Hand Circularly Polarized, LHCP) RF signals from GPS-L1 and NavIC-L5. The
collected data was further processed to generate Delay-Doppler Maps (DDMs), a critical output for
GNSS-R applications. The results confirmed the receiver’s ability to accurately generate DDMs,
thereby enabling the measurement of key reflectometry parameters such as bistatic delay, Doppler
shifts, and signal coherence. One of the notable advantages of the proposed receiver is its compact
size and low power consumption, making it highly suitable for deployment in resource-constrained
platforms such as airborne or spaceborne systems. Its design aligns well with the growing demand
for lightweight, energy-efficient, and scalable GNSS-R receivers for environmental monitoring and
climate studies. Furthermore, with appropriate radiation hardening, the receiver can be adapted

for use in spaceborne missions, extending its applicability to global remote sensing operations.

Future work will focus on enhancing the receiver’s capabilities to enable real-time process-
ing and analysis of GNSS-R data. This includes the development of advanced retrieval algorithms
for estimating Essential Climate Variables (ECVs) such as soil moisture, sea surface height, and
vegetation biomass. Real-time retrieval capabilities will allow the receiver to provide actionable
insights for climate monitoring, disaster management, and environmental assessments. Additional
efforts will also explore the integration of machine learning techniques to improve signal process-

ing efficiency and refine reflectometry parameter estimation. In conclusion, this work presents
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a significant step forward in the field of GNSS-Reflectometry by introducing a novel SDR-based
multi-constellation receiver with demonstrated capabilities for acquiring and processing reflected
NavIC-L5 and GPS-L1 signals. The receiver’s successful validation through simulations and field
experiments underscores its potential for diverse remote sensing applications. Its compact design,
low power requirements, and adaptability for airborne and spaceborne deployments make it a
promising tool for advancing GNSS-R research and addressing critical challenges in environmental

and climate studies.
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Chapter 6

Conclusion and Future Work

Contents
6.1 AsummaryofThesis . . ... ... ... .. ... .. 107
6.2 Future Work . . . . . . . . 0 i i i i i it it i e v e e e 110

6.1 A summary of Thesis

Satellite-based remote sensing comprises a variety of techniques that collect data and provide in-
formation about the Earth’s land surface, oceans and atmosphere by using the sensors on board
the satellite platform. The traditional techniques include optical remote sensing, microwave re-
mote sensing and Lidar-based remote sensing. These conventional RF-based approaches necessi-
tate dedicated transmitters and receivers to measure and analyse Earth’s geophysical parameters
accurately. Recent advancements in GNSS research have introduced a passive remote sensing tech-
nique, termed GNSS-Reflectometry (GNSS-R). This technique leverages GNSS signals in bistatic
or multi-static configurations, capitalizing on the availability of freely accessible GNSS signals to
observe various Earth-surface characteristics. Current GNSS-Reflectometry (GNSS-R) research
primarily concentrates on signals from GPS, Galileo, and GLONASS satellite constellations. Ex-
panding upon this foundation, the present research aims to utilize signals from the Indian Regional

Navigation Satellite System (NavIC) alongside GPS-L1 signals to advance remote sensing applica-
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tions. This PhD thesis offers a comprehensive theoretical and experimental investigation into the
design and development of a multi-frequency GNSS receiver for Earth observation. The chapter
provides an overview of the contributions of this research, alongside a summary of potential future

research directions in this evolving field.

The primary contributions of this thesis are structured into three main sections:

e Firstly, this thesis addresses the compression of large GNSS-Reflectometry (GNSS-R) datasets,
a critical step to minimize the onboard storage resources required by the payload. Effective
data compression is essential for efficient handling and storage of extensive GNSS-R datasets,

enabling more sustainable use of computational and memory resources in satellite platforms.

e Secondly, this thesis involves target localisation using GNSS-R and the calculation of Doppler
frequency bounds for NavIC-L5 multipath signals. These calculations are fundamental for
signal acquisition as the processing time is reduced by using the correct Doppler bound while

performing GNSS-R analysis.

e Lastly, this thesis includes the design of an antenna tailored for GNSS-R applications, as well
as the development of a Software-Defined Radio (SDR)-based receiver for GNSS-R reflectome-
try. The antenna design is optimized for signal reception across the required frequency bands,
while the SDR-based receiver offers flexible and efficient processing of reflected GNSS signals,
advancing the applicability and accuracy of GNSS-R techniques for Earth observation. The

contributions of this thesis are structured into three main sections.

The above-mentioned contributions are explained in chapters 3, 4 and 5. Chapter 3 dis-
cusses the compression of GNSS-R data for on-board processing and transmission to a local server.
In this work, the BPDN convex optimisation algorithm of compressive sensing theory is applied to
the GNSS signal. The performance of different sparsifying and measurement matrices on GNSS
RF signals is compared. The proposed algorithm is applicable to noisy signals as well. It is verified
by adding noise to the original signal and then reconstructing it using the proposed algorithm. Ad-
ditionally, the acquisition of satellites after the reconstruction of the data is performed using the

frequency-domain correlation technique. The same satellite PRN is detected for the reconstructed
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signal as found in the original direct signal. Additionally, it is feasible to differentiate between two
surface properties (i.e. dielectric constant) from the DDMs generated from the reconstructed data.
However, further research is required to validate and generalize this algorithm for more variations

in surface properties.

Further, in Chapter 4, the target localisation using the GNSS-R technique and Doppler
frequency bound calculation for the NavIC-L5 signal is explained. The GNSS signals can be used
for target tracking and localization by receiving the GNSS signals in a multi-static or bi-static radar
configuration. The target tracking and localization using GNSS-R can be realized by obtaining
signals from multiple transmitting satellites and receiving them using a single receiver. In this
work, we have examined the utility of GNSS-R based observations for target localisation, using
the difference between the direct path length and the multipath range obtained from the multiple
GNSS transmitters and a single receiver as a set of key observations. The obtained bistatic ranges
are optimised using the Least square estimation technique for target localisation. Further, Doppler
frequency bound calculation is necessary as it is required during the signal acquisition for target
localisation applications. The theoretically calculated Doppler frequency search range for GPS
satellite signal acquisition is +5KHz, and £10KHz [138], for the static and moving GPS receiver
scenarios. This range for GPS signals is already defined in the literature. However, the Doppler
frequency bound for the NavIC-L5 signal is not explicitly reported in the literature. In this work,
the maximum and minimum Doppler frequency bound is defined based on the Doppler frequencies
calculated at various surface target points. Using the calculated maximum and minimum Doppler
frequency bound, the NavIC multipath signal acquisition is performed. The Doppler frequency
bound is calculated for static as well as moving receiver scenarios. The Doppler bound for the
static receiver is +0.55 KHz and for the moving receiver case with a receiver on-board, an LEO
satellite is +3.7 KHz with the receiver velocity of 7.78 Km/s. The Doppler bound calculation
presented in this work can be used to define the Doppler search range while performing the signal
acquisition. It also helps to reduce the processing time for NavIC multipath signal acquisition

during the GNSS-R analysis.

Finally, chapter 5 discusses the novel SDR-based multi-constellation reflectometry receiver

to acquire reflected NavIC-L5 and GPS-L1 signals and demonstrate its potential for remote sensing
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applications. This work is also a proof-of-concept of using NavIC-L5 signals for reflectometry. The
proposed receiver’s functionality is demonstrated through field experiments and verified using
numerical simulation and a HIL simulator testbed. The field experiments are performed using
the designed receiver to obtain the DDM using the GPS-L1 and NavIC-L5 signals. The field
experiment results show that the proposed receiver is capable of receiving both direct (RHCP)
and reflected (LHCP) GPS-L1 and NavIC-L5 RF signals and processing them into DDMs for
performing reflectometry. The proposed receiver has a compact size and low power requirement
and hence is suitable for performing remote sensing by using it as an air-borne or spaceborne

GNSS-R receiver if radiation hardened.

6.2 Future Work

The research contributions presented in this thesis have addressed significant gaps in the exist-
ing studies while introducing innovative methodologies and advancements in the field of GNSS-
Reflectometry (GNSS-R). By leveraging the unique capabilities of multi-constellation GNSS sig-
nals, including NavIC-L5 and GPS-L1, this work has expanded the potential applications of GNSS-
R and laid the foundation for future developments in this research domain. Through the design
and implementation of a novel SDR-based multi-constellation receiver, this research has demon-
strated the feasibility of acquiring and processing reflected signals for remote sensing applications,
offering compactness, efficiency, and scalability. The proposed methodologies and experimental
results have opened doors for exploring new avenues, particularly in the context of environmental
monitoring, agricultural applications, and climate studies. The work presented in this thesis can

be further extended to the following research areas as mentioned below:

e Testing and On-edge implementation of compression algorithms for GNSS RF
signal: In this thesis work, the compression of GNSS-RF signal is performed on simulated
NavIC-L5 and TDS-1 GPS signals. While the current work has demonstrated the feasibility
of signal compression in simulated environments, future research will focus on extending these

algorithms to process NavIC-L5 signals obtained from field experiments. This step is crucial
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for validating the performance of the algorithms under real-world conditions, where factors
such as noise, interference, and multipath effects come into play. Furthermore, the integration
of these compression algorithms directly onto satellite payloads represents a significant area

of future exploration.

In satellite-based GNSS systems, efficient data transmission and storage are critical for op-
timizing bandwidth usage and preserving valuable onboard memory. By embedding these
algorithms on the satellite itself, GNSS data can be processed in real-time at the satellite
level, thereby reducing the need for transmitting raw data back to Earth. This approach not
only conserves downlink bandwidth but also enables more autonomous and efficient satellite
operations. Additionally, real-time onboard processing can enhance the responsiveness of
GNSS-based applications, facilitating quicker decision-making for Earth observation, disas-
ter management, and other critical uses. The implementation of such onboard compression
techniques will involve addressing challenges related to computational constraints, energy
efficiency, and system integration, paving the way for more robust and versatile GNSS-R

systems in the future.

Experimental analysis of GNSS-R based moving target localisation: As part of the
future scope of this research, the focus will shift towards the experimental analysis of GNSS-
R-based moving target localization, building on the foundation established through static
target localization. The static localization technique developed in this work utilizes bistatic
range optimization from multiple satellite signals. Specifically, four sets of measurements
from four transmitting GNSS satellites received at a single receiver are analyzed to accurately

determine the position of static targets.

Extending this approach, future research will aim to enhance these techniques for the tracking
and localization of moving targets. This will involve addressing the dynamic nature of moving
targets and the associated challenges, such as varying reflection geometries, Doppler effects,
and temporal signal variations. The future work will also focus on integrating theoretical
advancements with experimental validations by employing a multi-frequency and multi-static
radar configuration. The use of multiple frequencies and transmitter-receiver pairs will pro-

vide improved resolution, enabling robust tracking capabilities. Such advancements will be
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particularly beneficial in maritime applications, where the detection and localization of mov-
ing targets, such as ships and other vessels, are critical for navigation, safety, and surveillance.
This proposed extension of the work aims to contribute to the growing field of GNSS-R, push-
ing its boundaries towards dynamic target monitoring and enhancing its utility in real-world

scenarios.

Development of a space-grade multi-constellation (GPS-L1 and NavIC-L5) re-
flectometry receiver: The next phase of this research focuses on the development of a
space-grade, multi-constellation GNSS-Reflectometry (GNSS-R) receiver capable of process-
ing GPS-L1 and NavIC-L5 signals for deployment on satellite and airborne platforms. This
phase involves the transformation of the proposed receiver into a space-grade payload, re-
quiring meticulous adaptation to meet the stringent environmental, thermal, and radiation
conditions of space. To ensure durability and reliability in such extreme environments, the
receiver’s components must undergo rigorous testing, including thermal vacuum testing, vi-
bration analysis, and radiation hardening. Additionally, the design and characterization of
a space-grade, multi-frequency antenna will be integral to this development. This antenna
must support the simultaneous reception of both direct and reflected signals from multiple

constellations, ensuring high sensitivity and robustness.

A critical aspect of this next phase is the integration of the Software-Defined Radio (SDR)
receiver and Raspberry Pi (RPI)-based processing system onto a single Field-Programmable
Gate Array (FPGA) platform. This compact design will significantly enhance the system’s
efficiency by reducing hardware complexity and streamlining the simultaneous processing
of NavIC-L5 and GPS-L1 signals. The FPGA platform will facilitate high-speed signal ac-
quisition and real-time processing of direct and reflected signals, enabling the generation
of Delay-Doppler Maps (DDMs) with greater precision. The proposed integration will also
reduce power consumption and improve the overall payload’s suitability for deployment on

resource-constrained platforms, such as small satellites or UAVs.

Alongside the hardware development, this phase will involve an extensive exploration of po-
tential applications for the space-grade receiver. One primary application is soil moisture

estimation, a critical parameter for agricultural monitoring and environmental studies. Soil
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moisture data derived from GNSS-R signals can provide valuable insights for optimizing
irrigation practices, assessing drought conditions, and enhancing crop yield predictions. Fur-
thermore, the spaceborne GNSS-R receiver will have the capability to contribute to a wide
range of Earth observation studies, including ocean altimetry, wetland mapping, and ice sheet
monitoring, further advancing our understanding of global climate dynamics. By addressing
both the technical and application-oriented challenges, this phase aims to establish the re-
ceiver as a versatile, reliable, and impactful tool for GNSS-Reflectometry in spaceborne and

airborne remote sensing missions.
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