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Global Navigation Satellite Systems (GNSS) signals are gaining popularity assignals-of-
opportunity for remote sensing of the Earth ionosphere, atmosphere, andurface. The carrier phase-
based range measurements are vital to high-precision applications, shi@s ionosphere total electron
content (TEC) mapping, neutral atmosphere pro ling, Earth surface alti metry, etc. However, GNSS
signal carrier phase estimation is the most fragile and challenging pross in a GNSS receiver as
the quality of the signals is adversely a ected by the propagation envirooment when traversing the
ionospheric plasma bubbles, the moist lower troposphere, or when by re ected from the Earth
surface. This dissertation research focuses on developing advanc8#SS receiver carrier processing
techniques for GNSS radio occultation (GNSS-RO) and re ectometry (GNSS-R) and investigating
new applications that are enabled by the developed signal processingc¢hniques.

This dissertation presents a series of methods for GNSS carrier sightracking or estimation.
An adaptive closed-loop tracking method is developed for airborne GNSRO signals, and it takes
into consideration the tropospheric scintillation, platform vibrati on, and real-time C/NO estimation
in the phase noise modeling and feedback loop design. For GNSS-R signalgh su cient coherent
component, an adaptive hybrid open-and-close-loop tracking method isleveloped to obtain precise
and continuous re ected signal carrier phase measurements. Furthenore, a simultaneous cycle-slip
and noise Itering method is developed for dual or multi-frequencyphase measurements generated
by open loop tracking, which is the standard processing approach for egiing GNSS-RO and
coherent-re ection GNSS-R receivers.

This dissertation also presents two novel remote sensing applica&ins using coherently re-
ected GNSS signal carrier phase. First, coherent GNSS-R measurem&n obtained at the low

Earth orbits (LEO) are investigated as a new data source for ionospheric TIEE and disturbance



i
observations, with a potential to Il the data gaps over the polar regions where there are limited
ground-based observations and space weather activities are most frequeand intense. Moreover, it
o ers a "frozen in time" view of ionospheric structures as the GNSS sigal has a rapid scan velocity
across the ionosphere. Second, space-borne coherent GNSS-R is inggdged as a hew approach
for river slope observation with high temporal and spatial resolutions, whch shall o er numerous

bene ts for surface water resource management.
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Chapter 1

Introduction

Global Navigation Satellite Systems (GNSS), originally designed for naxgation, has played
an increasingly important role in remote-sensing applications. GNSS rai occultation (GNSS-RO)
has become one of the top contributors to global weather modeling and forectisg (Harnisch et
al., 12013). GNSS Re ectometry (GNSS-R) also has been recognized as an ememgitechnology for
retrieving ocean wind speed, soil moisture, and altimetry applicaions (Ruf et al., [2018;| Chew &
Small, [2018;| Chew et al., 20118; Li et al.; 2017; Mashburn, 2019; Cardellach et jal., 2019). This
dissertation work focuses on developing technologies that enable nexfeneration, high precision,
space-based remote sensing applications using GNSS signals as signaleggdortunity.

A critical element of high precision space-borne GNSS applications ishe signal's carrier
phase measurements. For example, carrier phase measurements are dexk for precise satellite
orbit determination (LLaurichesse et al/,|2009). Excess carrier phase ishe fundamental parameter
used to derive atmospheric refractive index |(Sokolovskiy et al., 2009)relative ionospheric total
electron content (TEC) (Schreiner et al., |1999), and ionospheric phasecntillation index (Jiao
et al., |2013) in GNSS-RO applications. Carrier phase is the enabler of high gcision altimetry
applications using GNSS-R measurements (Cardellach et al., 2019; Y. Wang & btton| 2021a).

The conventional phase-lock loop (PLL) empirically chooses its Iter parameters as a com-
promise between the dynamic requirements and the tracking senvity. However, low-elevation
GNSS-RO signals often experience strong scintillation characterize by fast and deep amplitude

fading and large phase uctuations caused by multipath propagation e ects, which poses con ict-



ing demands on the closed-loop (CL) lter design. Because of the fragil@ature of the traditional
CL tracking, most of the existing studies on space-based GNSS recenrge(Sokolovskiy et al|, 2006;
K.-N. Wang et al.| 2016; |Ao et all, [2009; Cardellach et al.,| 2019} Li et al./| 2017; Semmling |et
al., [2016) rely on open-loop (OL) tracking to process the low-elevation GNS-RO and coherently
re ected GNSS-R signals. Examples include COSMIC (Constellation serving System for Mete-
orology, lonosphere, and Climate) and COSMIC I, low-Earth orbit (LEO) sat ellites launched by
GeoOptics Inc. and Spire Global Inc., etc. These receivers havethandle signals that are adversely
a ected by the di ractive and scattering interference signals while traveling through the ionosphere
plasma structures, moist lower troposphere, and re ected from theEarth surface. OL tracking is
selected due to its robustness performance. However, the OL tragkg results may have numerous
phase discontinuities (also known as cycle slips) and large noise anday cause signi cant errors to
the retrieved scienti ¢ parameters (Y. Wang, Yang, & Morton,  2020; [Y. Wang & Mor ton| 2021a).

This dissertation research aims to develop signal processing teclyues for next-generation
GNSS remote sensing receivers and mainly focuses on the carrier pleasstimation from GNSS-
RO and coherently re ected GNSS-R signals. These techniques enabhigh accuracy troposphere
pro ling, sea ice monitoring, and high precision altimetry applications. Signi cant improvements
on the quality and availability of GNSS-R carrier phase measurements ma enable new remote
sensing applications, such as ionospheric TEC and disturbance obsetion and mapping, river
slope observation, etc., which are also studied under this researchThe speci c contributions of
this dissertation are presented in Chapterg P| 8] |4,]5, anfl]6, which are repductions of ve journal
papers and a conference paper.

Chapter [2 presents the signal processing techniques for GNSS-R@sals traveling through
the lower troposphere. The core algorithm in this work is a Kalman Iter-based Closed-loop (KFC)
tracking method. The KFC carrier tracking algorithm established a phase noise model that takes
into consideration of troposphere scintillation e ects and platform (such as aircraft) vibration,
and utilizes real-time carrier-to-noise ratio (C/N g) estimation to dynamically turn the lter. The

algorithm has been successfully evaluated using real, raw GPS RO sigis recorded by an aircraft
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and has demonstrated that it has comparable robustness to the widely uskOL tracking approach
with improved accuracy in the carrier phase estimations.

Chapter [3 presents a novel coherent GNSS-R carrier tracking algorittn named adaptive
hybrid tracking (AHT) method. The AHT incorporates the model inputs t ypically used in the
OL architecture into a close PLL with an adaptively tuned Iter. The AHT achieves comparable
robustness with the OL implementation while maintaining cm-leve accuracy and excellent carrier
phase continuity. The AHT performance has been demonstrated using Cyone GNSS (CYGNSS)
raw intermediate frequency (IF) data sets of coherent re ectionsover in-land water, land, sea ice,
and open ocean surfaces. The carrier phase measurements over openamcsurface were also used
to retrieve sea surface height and the results are in agreement witthe mean sea surface (MSS)
model.

Chapter@ presents a simultaneous cycle slip and noise ltering (SANF) method for GNSS-
R signal OL tracking outputs. The algorithm performance is demonstrated using dual-frequency
phase and SNR measurements recorded by an OL GNSS receiver onboard SfEreEO satellites.
For the examples being considered in this study (a set of 18 datasets @&PS signals re ected
over ocean water and ice surfaces), the SCANF method is capable of elingting all cycle slips
while also reducing phase measurement noise. Example sea surfaasght retrieval obtained using
the Itered measurements is compared with that from current state-of-the art cycle slip reduction
method, and the improvement in precision is in multiple orders ofmagnitude. The retrieved sea
surface height anomaly (SSHA) has an average root mean square (RMS) of 7.3 cm fa&asand sea
ice surface re ections relative to the MSS. An error budget analysis ospace-borne GNSS-R carrier
phase-based altimetry is also presented in this chapter.

Chapter [§ investigates and demonstrates the potential of using coherérGNSS-R measure-
ments obtained at the low Earth orbits as a new data source for ionospheri@EC disturbance
observations. Current TEC observations, such as the global ionosphere TE map (GIM), have
limited spatial resolution, update rate, and accuracy, mainly due to the sparsity of GNSS receivers

over oceans and inaccessible terrains. Using coherent-re ection XESS signals over sea ice has the
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potential to Il the data gap in high latitude regions. The GNSS signal received at LEO has a
rapid scan velocity across the ionosphere and thus o ers a "frozen in tim" view of ionospheric
structures. In this chapter, the slant TEC estimations derived from LEMUR-2 GNSS-R measure-
ments show trends in agreement with the GIM-derived TEC, though the absolute TEC values are
dependent on successful receiver di erential code bias (DCB)stimations. We've also demonstrated
that the GNSS-R based TEC estimations are capable of capturing plasma strctures that are often
associated with ionospheric disturbances.

Chapter [ demonstrates the potential of using space-borne coherent GNSSR measurements
for river slope observation, and a case study is presented based on theogessing of CYGNSS
raw IF data of GPS signal re ected over the Orinoco River. In this chapter, the river slope
retrieval is achieved by open loop tracking of the re ection signal carier phase and applying a
novel combination of error correction approaches. The retrieved riversurface slope is in agreement
with a reported average value of 4.5 cm/km for the lower Orinoco River aea. Moreover, the
retrieved surface height variations indicate the possibility of obseving superelevation.

Finally, Chapter []summarizes the contributions of this dissertation and discusses some po-

tential future directions.



Chapter 2

Kalman Filter-based Robust Closed-loop Carrier Tracking of Airbor ne GNSS

Radio-Occultation Signals

This chapter is adapted from the following paper:

Wang, Y., Yang, R., & Morton, Y. J. (2020). Kalman Iter-based robust closed-loop carrier track-
ing of airborne GNSS radio-occultation signals. IEEE Transactions on Aerospace and Electronic
Systems 56(5), 3384-3393.

2.1 Abstract

GNSS radio occultation (RO) signals have been demonstrated as a viable #ans to retrieve
atmospheric pro les. Current GNSS-RO observations rely on open-loop QL) processing of the
signals, especially for signals propagating through the lower tropospherelhe reason is that GNSS
signals at low elevations are adversely a ected by multipath e ects die to propagation through lower
troposphere structures and re ections and scattering from the Earthsurface. The low-elevation RO
signals are characterized by deep and fast amplitude fading and rapid sigt carrier phase uctu-
ations, collectively referred to as signal scintillation. The convetional phase-lock loop (PLL) may
lose lock of these signals. While OL tracking is known for its robustess, its accuracy is determined
by the climatological models used to create the reference for the GNSS8gnal carrier tracking loop.
The wide bandwidth typically associated with OL tracking also intr oduces large errors in signal
parameters estimations. In this chapter, we present an adaptive Kalmanlter-based closed-loop
(KFC) tracking method, which takes into consideration the tropospheric scintillation, platform
vibration, and real-time C/N ¢ estimation of the RO signals. The KFC method has comparable

robustness with and improved accuracy over the OL tracking, which ae demonstrated through



comparison using real GPS RO data collected on an airborne platform. Analysi of the excess
Doppler estimation, retrieved bending angles and impact parameters ab con rms the improved

performances of the proposed algorithm over OL tracking.

2.2 Introduction

Global Navigation Satellite System radio occultation (GNSS-RO) occurswhen the satellite
signal propagates through the atmosphere to reach a receiver from a low ekgion angle. The gra-
dient of the atmospheric refractive index leads to the bending of tle signal ray path. By measuring
the amount of the signal bending, pro les of atmospheric parameters such agmperature, humidity,
and pressure can be derived. The concept of GNSS-RO was rst demonsited by the Global Po-
sitioning System Meteorology (GPS-MET) mission launched in April 1995 Kursinski et al.| 1996,
1997;|Ware et al.,| 1996). Since then, the GNSS-RO technique has been extamty studied and
implemented on several low-earth orbit (LEO) satellite platforms, including COSMIC (Constella-
tion Observing System for Meteorology, lonosphere, and Climate) with aconstellation of six remote
sensing microsatellites|(Cook et al., 2013), GRACE-FO (Gravity Recw@ery and Climate Experiment
Follow-on) with a twin-satellite constellation as a successor to theGRACE mission (Beyerle et al|,
2005; | Wickert et alJ, [2009), the three MetOp satellites operated by EuropeanOrganization for
the Exploitation of Meteorological Satellites (EUMETSAT) Polar System Pr ogramme (Von Engeln
et al., [2011) and the recently launched COSMIC-2 constellation. Thousans of daily pro les are
now available from these missions, making GNSS-RO one of the top contriiors to global weather
modeling and forecasting (Harnisch et al.| 2013). Airborne and ground-based BSS-RO are used to
improve the regional availability of RO observations and to provide rawintermediate-frequency (IF)
data to support study of RO signal structures to enable development ofobust receiver algorithms
(Haase et al., 2014} K.-N. Wang et al., 2016; Morton et al., 2017; Beyerle & Zus, 2017).

The primary task of a GNSS-RO receiver is to estimate the excess Doper of the RO signal,
which is caused by the bending of the ray path. Itis achieved througtthe carrier tracking loop of the

receiver. The conventional GNSS closed-loop (CL) carrier tracking appach empirically chooses its



Iter parameters as a compromise between the dynamic requirementand the tracking sensitivity.
However, low-elevation RO signals often experience strong scintdtion characterized by fast and
deep amplitude fading and large phase uctuations caused by multipath popagation e ects, which
poses conicting demands on the CL Iter design. These multipath e ects may originate from
gradients in the atmospheric refractivity eld and/or re ections and s cattering from the Earth
surface. Therefore, current GNSS-RO receivers are designed witipen-loop (OL) tracking. The OL
tracking algorithm relies on predicted excess Doppler frequencydsed on a climatological Doppler
model and the relative motion between the receiver and the GNSS satitle, as described in (K.-
N. Wang et al., |2016;| Sokolovskiy et al., 2006). Though OL tracking is more robust taAn the
conventional CL tracking, it has two important drawbacks. First, with out a loop Iter, OL tracking
introduces a large amount of noise in the excess Doppler estimates. &md, in real applications,
the accuracy of the climatological Doppler model is often at question, esgcially for the lower
troposphere, and the error of the model will in turn bias the excess Dppler estimation and retrieved
atmospheric parameters. Based on the GPS/MET data, (Sokolovskiy, 2001) asssesd the necessary
bandwidth for an open-loop receiver, showing that the accuracy of the Dppler prediction model
is about 15 Hz. For COSMIC, if the impact height is below 10 km, the mean dierence between
the Doppler observation and the Doppler model is about 8 Hz and the standarddeviation of the
di erences is about 7 Hz (X.-S. Xu et al/,|2015%). According to (Beyerle & Zu$[2017; Schreiner et
al., 12011), an error of 5 Hz in the Doppler model will lead to signi cant bias in the retrieved signal
bending angles. Therefore, the retrieval of lower troposphere paranters is a serious challenge for
OL-based RO receivers.

This chapter presents a Kalman Iter-based closed-loop (KFC) carrier tracking method for
airborne GNSS RO receivers to track low-elevation signals. The KFC cater tracking method is
based on a generalized adaptive KF framework presented in (Yang, Ling, et 4l2017; Yang, Morton,
et al., [2017), which obtains its Iter gain based on the process noise modiahg and adaptive esti-
mation of measurement noise covariance to improve robustness and acaay. For RO receivers on

an airborne platform, the vibration-induced oscillator noise and the sigral propagation scintillation
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e ects must be taken into consideration. In the proposed KFC algorithm described in this chapter,
the vibration and tropospheric phase scintillation e ects are modelal as an equivalent degradation
of oscillator phase noise power spectral density (PSD) and is implenmted as modi cations of the
oscillator h-parameters. The amount of oscillator phase noise degradation isedermined using real
airborne RO measurements. The measurement noise covariance of the KFimplementation is
based on the estimated high-rate C/N,.

Real airborne GPS RO intermediate frequency (IF) data are used to tet and evaluate the
performance of KFC. The data collection experiment was conducted on $gember 13", 2010 at
13km altitude near Puerto Rico on the NSF/NCAR High-performance Instrumented Airborne
Platform for Environmental Research (HIAPER) aircraft (K.-N. Wang, 2015)|. The performance of
the KFC tracking is compared to OL tracking in terms of the robustness (capability in maintaining
lock of signals) and the accuracy of excess Doppler estimation, the beimdy angles, and impact
parameters retrieved via a Geometric Optics (GO) method as desdbed in (Murphy et al., 2015).
The results demonstrate that the KFC tracking can achieve comparable obustness with and better

accuracy than the OL approach.

The organization of the rest of this chapter is summarized as follows. Séon P.3| presents
an analysis of the characteristics of a low-elevation GNSS-RO signal uginreal data. Section[Z2.4
describes the KFC tracking loop design. Sectiorj 2|5 discusses ttaata collection experiment,
data processing results, and comparative evaluations of the KFC trackig and the OL tracking

performance. A conclusion and some planned future work are detailed ineBtion [2.8.

2.3 Low-elevation GNSS-RO Signal Characteristics

Low-elevation GNSS-RO signals experience bending when propagating ribugh the lower
troposphere. In addition, hydro-molecules and other atmospheric stratures cause tropospheric
scintillation, i.e., fast and deep amplitude fading and random carrier phase uctuations. The
tropospheric scintillation poses a challenge for conventional CL trackig methods to maintain lock

of the signal. A good understanding of the disturbed RO signal charactastics is the foundation



for developing techniques to mitigate the tropospheric scintillaion e ects. This section presents
an analysis of real air-borne GNSS-RO data for this purpose.

Figure shows GPS PRN12 C/N during a setting RO event, estimated at 1 Hz rate via

the variance summation method (VSM) (Sharawi et al|, 2007) and at 100 Hz rate basedn signal

intensity (SI) estimations using the method presented in (D. Xu & Morton, 2018). The signal was

processed using OL tracking. Starting at around 2600s (since the start ofata acquisition at 10:00
AM UTC on September 13", 2010) when the satellite elevation angle is about B below horizon,
deep fading with a magnitude up to 20 dB occurs. The mean C/N decreases as the elevation angle
decreases. Conventional CL tracking methods lose lock shortly afte2600s. The zoomed-in section
of C/N ¢ between 2800s and 2850s highlights the high rate signal amplitude fading. Clearlyhe 1
Hz C/N o estimations cannot capture the dynamic nature of the signal amplitude varations; thus,
a high-rate C/N g estimation is needed as the control parameter for adaptive implementatin of a

closed tracking loop, which will be discussed in detail in Sectiof£.4.
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Figure 2.1. C/Ng from OL tracking of setting PRN 12 GPS L1 signal, starting from UTC 10:00
AM on September 13", 2010, recorded at 13 km altitude above the ocean near Puerto Rico.

Figure [2.7 shows the detrended carrier phase and excess Dopplerdteency from OL tracking

outputs. The detrending is achieved by applying a 3-stage cascaded'6order Butterworth high-pass
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Iter, with a cut-o frequency of 0.1 Hz (Niu et al., 2012). Rapid, large carri er phase uctuations
with the magnitude reaching 2 carrier cycles can be observed, whicimpose challenges on CL
tracking and impact its robustness and accuracy. The uctuations in the excess Doppler estimates
are also observed and are mainly due to tropospheric phase scintillation OL tracking needs a
prediction of the excess Doppler to generate reference signals. Tle&cess Doppler is usually di cult
to be accurately predicted as it is a ected by weather and atmosphericconditions, especially at
lower altitudes. For RO measurements performed on a LEO satellite, he excess Doppler could
reach a few hundred Hz |(Sokolovskiy| 2001). While OL tracking is robust ¢ these tropospheric
scintillation e ects, its performance is dependent on the accuracyof the excess Doppler from a
climatological model. More details about OL tracking's dependence on theclimatological model

will be discussed in Sectioi 2J5.
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Figure 2.2: Detrended carrier phase and excess Doppler frequencyom OL tracking of setting
PRN 12 GPS L1 signal, starting from 10:00 AM UTC on September 1%, 2010, recorded at 13km
altitude above the ocean near Puerto Rico.
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24 Algorithm Description

This section will present the KFC carrier tracking method for low-elevation RO signals. Cur-
rent GNSS-RO receivers are implemented using OL tracking. For thesake of completeness, a brief
summary of the OL tracking implementation based on (K.-N. Wang et al/,|2016; K-N. Wang, [2015)
is presented here. Figuré 2]3 shows the diagrams of OL tracking and KF@acking architectures.

In OL tracking, the reference Doppler frequency is generated as theummation of the pre-
dicted excess Doppler, the line-of-sight (LOS) Doppler due to reltive motion between the aircraft
and GPS satellite, and the receiver clock drift. The prediction ofexcess Doppler follows the method
described in (K.-N. Wang, |2015). It uses the Radio Occultation Simulator br Atmospheric Pro I-
ing (ROSAP) ray tracing program and the regional monthly mean refractivity pro les. The LOS
Doppler frequency is obtained based on the GPS satellite position dared from the ephemeris and
the aircraft position computed using high-elevation satellite signalsin the recorded data. Due to
errors in the Doppler model, there will be phase di erences betwen the reference signal and the
input RO signal. OL tracking uses a carrier phase discriminator, sub as a two-quadrant arctan
discriminator for a carrier with data modulation, to measure the carrier phase di erences and to
correct the accumulated Doppler range (ADR) of the reference signal. Th raw OL estimates of
excess Doppler are obtained by di erentiating the corrected ADR. A lter or smoother is usually
applied to the raw excess Doppler estimates before they are furtheprocessed to retrieve atmo-
spheric pro les. In this chapter, the ltering of excess Doppler consists of two steps for both KFC
and OL tracking implementations. The rst step uses a Hampel Iter with a moving window of
10s to remove outliers. The second step uses a median lter with a mang window of 5s to reduce
noise.

The KFC method is developed based on the generalized KF framework as esented in
(yang, Ling, et al.| 2017; |Yang, Morton, et al., 2017). The KFC architecture is an exmnsion
on this generalized CL tracking with two additional elements designé speci cally to process low-

elevation RO signals. The rst element is the KF gain calculation, which takes into consideration
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Figure 2.3: Diagrams of Open-loop and Kalman Iter-based CL carrier tracking of GNSS-RO
signals.

the combined e ects from platform dynamics, vibration-induced oscilator noise, and tropospheric
phase scintillation. This is di erent from conventional CL tracking which uses a xed Iter noise
bandwidth. It is also dierent from the typical KF-based CL trackin g which only takes into
consideration the oscillator noise and platform dynamics in the processoise. The second element
is that the KF gain is controlled by real-time estimation of the Sl. Sl is a high rate estimation of
signal power which captures the rapidly varying signal power fadingével in a prompt manner. This
is di erent from conventional adaptive lters which adjust their noi se bandwidth or other control
parameters according to the low-rate C/Np estimation. In the following subsections, each of the

components in the KFC design will be discussed.
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2.4.1 State-Space System Models
We de ne the discrete-time carrier state vectorxy =["! !JI, where its elements are carrier

phase (rad), carrier frequency (rad/s), and carrier frequency rate ¢ad/s?) at epochk. The following

notations are used in the chapter:

Xk : true state

Rk . estimated state

Xk . predicted state, (for local replicas generation)
Xk . error state, dened as Xy = Xx %k

R : estimated error state

The signal dynamic model is represented as:

Xk+1 = AX  + Wi (2.1)
where A is the state transition matrix
2 3
T2
1T &
A=60 1 T (2.2)
0O 0 1

and T is the integration time, and T=10 ms is used in this study for all OL and CL signal tracking.
Wy is the system dynamics noise vector with covariance matrixQ.
The local carrier replicas are generated based on the predited state.+1 , which is represented

as

Xker = A(Xk+ Ri) (2.3)

From Equations (2.1) and (2.3), the error state dynamics equation can be obtaied as:

Xk+1 = A( Xk ﬁ‘k)+ W (2.4)
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The measurement model is represented as:

' k:C Xk + Vg (25)

where '  is the carrier phase error,C is the measurement transition matrix,

C= 1

n|—

1 (2.6)

and vy is the measurement noise vector with covariance matrixR .

The measurement of'  is typically obtained by applying a phase discriminator. For a data-
less pilot channel, a four-quadrant arctan function can be used, whildor a channel with navigation
data modulation, a two-quadrant arctan function can be used. Removing @ta bits and using four-
quadrant phase discrimination can signi cantly improve OL results (Sokolovskiy et al|,|2009). In

this study, the four-quadrant arctan function is used:

k = arctan2(Qx; lk) 2.7)

where |l and Qi are the in-phase and quadrature correlator outputs. The navigation data bis are
removed using the COSMIC post-processed archive les.
Thus, combining Equations (2.4) and (2.5), the CL tracking process is abtracted into a

Kalman Iter-based carrier phase estimation problem:
Rk = K"« (2.8)
And the state vector is estimated as:
R =%+ K"« (2.9)

where K i is the Kalman gain at epochk.

2.4.2 Process Noise Modelling

For airborne GPS RO signals, the process noise includes contributianfrom the platform

dynamics, oscillator thermal noise, vibration-induced oscillator noi®, and troposphere scintillation.
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The platform dynamics noise can be modelled by the receiver-sat@é LOS acceleration variation
in a unit interval, following the treatment presented in (Bar-Shalom et al., |2004). The oscillator
thermal noise is modelled by the oscillator h-parameters|(O'Driscdl et al., 2011). However, there
is no existing model for the troposphere phase scintillation e ecs for low-elevation RO signals.
Furthermore, the vibration e ects are di cult to be distinguishe d from other noise e ects. The
approach we take in this study is to derive the combined troposphere @ntillation and aircraft
vibration e ects based on the PSD of experimentally-obtained phase dat. This combined e ect is
then used to modify the stationary receiver oscillator h-parameters This approach is explained in
detail below.

If the troposphere scintillation and aircraft vibration e ects are not t aken into consideration,

the covariance of the process noise vector is modelled as:
2

T3 T5 T2 T4 T3
Tq+50+%8 70+ 5¢ 6o
Q=(2f)? Vg + G TP T2q (2.10)
L 74t 5o Ta+ 3¢ 22 '
T30 T2 T%
5 7 3

where f | is the carrier frequency,q = h7° and g =2 2h , are the receiver oscillator phase and
frequency power spectral densities, respectively, andy is the PSD of the receiver-satellite LOS
acceleration disturbances.hg and h » are the oscillator h-parameters. The data used in this study
was recorded using a reference signal from a Symmetricom ExacTime 6000PS receiver with

an oven-controlled crystal oscillator (OCXO). Based on the speci cation sheet provided by the
manufacturer, the stationary h-parameters arehp =2:0 10 23 (s?/Hz) and h , =2:13 10 24

(1/Hz).

To take into consideration of the troposphere scintillation and aircraft vibration, we examine
the detrended phase noise PSDs of real airborne phase measurementsheldetrending process
removes low frequency components such as the satellite-receivange, background ionosphere and
troposphere refraction e ects, etc. Itis accomplished by Itering the raw phase measurements using
a 6" order Butterworth high-pass Iter with 0.1 Hz cuto frequency (Niu et al., 2012). Figure

plots the PSDs of detrended carrier phase from 4 GPS RO events at variaielevation angles using
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Figure 2.4: Power spectral densities of detrended phase uctuationst various elevation angles
(based on airborne GPS RO data collected on September ¥3 2010, at 13km altitude above the

ocean near Puerto Rico).

real data from the airborne experiment on September 18, 2010. For each RO event, the PSD is
computed for 6 segments of data: one segment for signal at 2 3 elevation angle and 5 segments
for 5 0 (1 persegment). The purpose is to examine the carrier phase noise PS@sd their
dependence on elevation angles. The oscillation phase noise and the aaftrvibration-induced
additional oscillator phase jitter should be similar for these data segmets in each RO event.
Visual examination of Figure[2.4 indicates that the PSDs for RO signals at eleation angle
below about 3 are drastically di erent from above 3 . The PSDs of carrier phase noise do not
show signi cant dependence on the elevation angle for RO signals at below 3 . This observation
is consistent for all 4 RO events. For RO signals with elevation above 3 , the carrier phase noise
PSDs are mostly similar, although PRN12 has a slightly higher amplitude wfich is most likely

caused by contributions of weak tropospheric phase scintillation. Bas# on the altitude of the
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aircraft in this experiment, the 3 elevation corresponds roughly to 8km tangent point altitude.
The PSDs shown in Figure[2.4 indicates that tropospheric scintillaton e ects become signi cant
below 8km altitude at this location. While we expect that weather conditions will have an impact
on the actual value of this altitude, 3 will be treated as the nominal elevation, and real time
PSD obtained for signals received below this nominal elevation will baised to model tropospheric
scintillation.

Figure also shows the oscillator phase noise (including the vibran e ects), which is
extracted from the high-elevation spectrum where the scintillation e ects is of less importance. We
model the combined vibration e ects and troposphere scintillation eects as an e ective increase
in the stationary oscillation phase noise. Figurg 2.b plots 2 segments of ¢hcarrier phase PSDs for
PRN 12 RO signal: [ 5, 4 ]and [2, 3] elevation. The maximum separation of the two PSDs is

23dB which occurs at around 1Hz. We may consider this separation to be dueotthe combined

tropospheric scintillation and vibration-induced oscillator phase nosse.

- - -Low EL Phase Noise PSD
High EL Phase Noise PSD
w— Stationary OCXO Phase Noise PSD
=70 |= -Simulated Total Noise PSD

_80 1 1
107 10° 10' 10?
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Figure 2.5: Power spectral densities of carrier phase noise of high-glgion and low-elevation GPS

PRN 12 signal on September 18, 2010, stationary OCXO, and simulated total phase noise due to
tropospheric scintillation and oscillator with vibration.

To quantitatively model the combined tropospheric scintillation and the vibration-induced
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oscillator phase noise, we computed the phase PSD for the OCXO used irhé¢ data collection
experiment. The result is shown as the solid linear line in Figurd2.5. We arti cially degrade the

oscillator PSD by adding the 23dB equivalent amount of the combined tropospere and vibration

e ects for the segment of the lower elevation signal [ 5, 4 ]. The degraded PSD is plotted as the
dashed linear line in Figure[2.5. Based on the degraded oscillator PSD, wempute its equivalent
h-parameters to behg = 3:99 10 2! (s?/Hz) and h , =4:25 10 22 (1/Hz). This set of degraded
h-parameters are used to compute the process noise covariance matrix Equation ( when

tropospheric phase scintillation is detected.

2.4.3 Adaptive Tuning of Kalman Filter

The performance of a KF depends on the estimation of the covariances forrpcess noise
and measurement noise at steady-state. At the transient stage of the pmess, the initial state
error covariance matrix also impacts its performance. At steady-state the Kalman gain can be
calculated as:

K=PCT(R+CPCT) ! (2.11)

where P is the steady-state error covariance matrix. It can be solved from the Kccati equation

(Brown et al.| 1992):
P=APAT (APCT)YR+CPCT) YCPAT)+ Q (2.12)

For low-elevation airborne RO signals with tropospheric scintillation, the Q matrix can be
computed based on the degraded oscillator h-parameters (see Equatio:hOIrhe measurement
noise covariance iR = 2, where ? can be computed based on the signal C/iy and the integration
time ([Tsui/ 2005):

We computed the steady-state Kalman gain matrix element for the low elgation segment
([ 5, 4] signal, allowing C/N g to varying from 15 dB-Hz to 60 dB-Hz and plotted the results

in Figure 2.6. To reduce computation, we t polynomial curves to each elenent in the Kalman



19

gain matrix. When a C/N g is estimated, the steady-state Kalman gain can be directly calculated

using the tted polynomial parameters.

15

——K(1), phase
——K(2), frequency
—o—K(3), frequency rate

Kalman Gain
-
o
T

[$,]
T

15 20 25 30 35 40 45 50 55 60
CIN, (dB-Hz)

Figure 2.6: Steady-state Kalman gain versus C/N for KFC tracking of low-elevation GPS RO
signals a ected by tropospheric scintillation.

24.4 High-rate C=Ng Estimation

To obtain the Kalman gain adaptively to capture the dynamic nature of signal amplitude
variations caused by tropospheric scintillation, a high-rate C/Ng estimation is needed. The high-

rate C/N g is calculated based on the Sl, as described in (D. Xu & Morton, 2018). The preoess is

brie y outlined here for the sake of completeness:

(1) Compute C=Ng over a typical time span (such as 10 second) using the VSM method

(Sharawi et all, (2007).

(2) Compute S| by averaging the SI measurements during the same time span used tompute

C/N o.

(3) Compute Sly, the high rate Sl for a short time interval within the long time span.

(4) Compute C=Ngy, the high-rate C/N ¢ using:
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C=Ngy = C=Ng+(Sly SI) (2.13)

2.5 Evaluation Using Experimental Data

Real airborne GPS L1 RO IF data was collected above the ocean near Puertoi€b on the
HIAPER aircraft at about 13 km altitude on September 13 2010, 10:00 - 12:10 UTC and provided
by UCSD (K.-N. Wang et al.| 2016). In this study, GPS L1 CA signals for a setting (PRN 25)
and a rising (PRN 20) RO events are used to demonstrate the performancef the proposed KFC
algorithm. The ight path and the tangent point locations for the two event s are shown in Figure
[2.7. The tangent point is the closest location along a RO ray path to the Earh's surface and where

the ray path's bending occurs.

PRN25
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Figure 2.7: The ght path during data collection on September 13", 2010, above the ocean near
Puerto Rico, the tangent point trajectories of PRN 25 and PRN 20 GPS RO eents, and the
location of a dropsonde experiment.

The GPS signal was received from a wide-view avionics antenna and sategd at 10 MHz and
1 bit resolution. The complex 1/Q data was recorded to a disk array usirg the GNSS Recording
System (GRS) developed by the Johns Hopkins University Applied Phgics Laboratory (Garrison
et al., 2007). A Symmetricom ExacTime 6000 GPS receiver with an OCXO was uskto provide a

10 MHz reference signal to the GRS.
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25.1 KFC and OL Tracking Performance Comparison

We compare the performance of KFC and OL tracking using data collecteddr the two RO
events discussed above. Figure 2.8(a) and Figufe 2.8(b) show the higlate C/N ¢ (1Hz) and excess
Doppler estimations for the PRN 25 (a setting RO event) and PNR 20 (a risng event), respectively.
Also shown are the satellite elevation and climatological model for the exess Doppler used in the
OL tracking. For the rising RO event, the tracking processes are aplied to the time reversed data
sequence. For the OL tracking of PRN 25 RO signal, a climatological modelsi obtained from the
CIRA-Q model and the ROSAP ray tracing program (K.-N. Wang/ 2015), while for the PRN 20
RO event, the Doppler model is obtained from polynomial tting of the p ost-processing results.

The excess Doppler estimates are obtained by estimating the Dopplefrequency of the re-
ceived RO signal and subtracting the LOS Doppler frequency and the reeiver clock drift. For KFC
tracking, the Doppler frequency is directly obtained from the estimated state vector. For OL track-
ing, it is obtained by di erentiating the estimated ADR and, in this ¢ hapter, with a di erentiation
time interval of 100ms.

The C/N o estimates from KFC and OL outputs show consistent trend and uctuati ons for
both RO events. Visual examination of the estimated C/Ng indicates that for both KFC and OL
tracking there is a cut-o elevation under which the RO signals are too weak to allow meaningful
estimations of signal parameters. The cut-o elevations are 5:3 and 4:6 for the PRN 25 and
20, respectively.

Above the cut-o elevation, the excess Doppler estimates by KFC, OL,and climatological
model exhibit the consistent trend. The KFC excess Doppler esmates show smaller variations
than the OL estimates. As expected, the OL excess Doppler estimasehas larger noise than the

KFC results.
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Figure 2.8: C/Ng and excess Doppler { 4) estimates from KFC and OL tracking, the climatological
model for the excess Doppler used for OL tracking € 4.m) for GPS L1 CA signal transmitted from
PRN 25 (for elevation angle from -2.3 to -5.4 ) and PRN 20 (for elevation angle from -4.9 to
-1.8) starting at 10:00 AM UTC on September 13", 2010.

252 OL Dependence on Climatological Model

The excess Doppler from the climatological models used in this studwre very close to the
estimated excess Doppler using KFC and OL. In real applications, the azuracy of the climatological

model cannot be guaranteed. This is especially the case for lower troppisere observations. An
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inaccurate climatological model will degrade the performance of the OL tacking and the subsequent
retrieval of atmospheric parameters. For GNSS-RO on a LEO satellite, theuncertainty of the
climatological model can be up to 15 Hz|(X.-S. Xu et al.| 2015). For KFC, a distintive advantage
is that it does not require Doppler model inputs, while its performance is dependent on the process
noise and measurement noise modelling. To provide a quantitative asssment of the climatological
model error impact on OL tracking, we arti cially introduced 5 Hz bias to the climatological
model. The biased models are applied to the OL tracking of the PRN 25ignal. The original
and biased Doppler models, as well as the resulting excess Dopplestienates are plotted in Figure
[2.9. The comparison shows that OL tracking results are dependent on chatological models. A
5 Hz error in climatological model will cause up to 3 Hz bias in OL excess Dqger estimations
when the C/Ng is low. The KFC tracking result is consistent with OL tracking using an unbiased

climatological model.
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Figure 2.9: C/Ng and Itered excess Dappler (f 4) estimates from KFC and OL tracking result of
PRN 25 GPS L1 signal (with good climatological model and 5 Hz biased models)arting at 10:00
AM UTC on September 13", 2010.
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2.5.3 KFC Sensitivity on Process Noise Model

The KFC tracking performance is dependent on the tuning parametersi.e. the process noise

matrix Q and measurement noiseR.
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Figure 2.10: Excess Doppler estimates from KFC Tracking using di er@t process noise covariance
matrices.

The C/N p-based measurement noise model is well established in (Tsui, 2005) arsh standard
strategy for tuning the KF-based tracking loops. To assess the sersrity of KFC performance on
the process noise model, we apply the process noise covarian@ein Equation (P.10), 10Q, and
Q=10 to the KFC tracking. The estimated excess Doppler using these tfee process noise matrices
are shown in Figure[2.1D. It can be observed that the modelled procesise covaraince in Section
[2.4.2 leads to the best performance of KFC tracking, increasing Q causemisier estimates while
decreasing Q causes earlier loss of lock of the signal. The KFC trackingith all these three
covariance matrices provide somewhat satisfactory results, so the IRC results are not too sensitive

to the process noise modelling.
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254 Bending Angle and Impact Height

To further evaluate the performance of KFC tracking and the impact of biased OL excess
Doppler estimates due to inaccurate climatological models, the bendig angles against impact
heights are retrieved via a Geometric Optics approach as describea i(K.-N. Wang, 2015; Murphy
et al., [2015). Figure[2.10 shows the retrieved bending angles and impact igéts from PRN 25 RO
event using the estimated excess Doppler by KFC and OL with the orginal and biased climatological

models and the retrieved refrativity as compared with the dropsondeobservation.
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Figure 2.11: Retrieved bending angles and impact heights from KFC and OL With good climato-
logical model (f 4.m) and biased models) outputs of the setting RO event of PRN 25 GPS signal
collected on September 18, 2010, at 13.8km altitude above the ocean near Puerto Rico.

It can be observed from Figure[2.1]L(a) that RO measurements can be retried from the
aircraft's height to an altitude of about 2 km. The bending angle retrievals from KFC tracking
results are very close to those from OL tracking with a good climatologial model. The biased
climatological models cause large bias to the retrieved bending angleshich can be up to about
0:6 . This analysis clearly demonstrated that the KFC tracking not only provides comparable
robustness to that of the OL, it also o ers accuracy comparable to OL with an accurate climate

model. While the OL tracking performance is dependent on the clinatological model, which is
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usually not accurate for the lower troposphere, the KFC does not requie such a model input.

It should be noted that the Geometric Optics retrieval method is not adequate for retrieving
bending angles in the lower troposphere|(Murphy et al.,[ 2015). A dropsond experiment was
conducted at [16.8624N, 76.9897W] (as shown in Figure) and at 18:47 UTC, September 13,
2010. As shown in Figur(b), the retrieved refractivity from the PRN 25 RO event consists
with the observation from a dropsonde experiment above 6 km, while hasigni cant error below 6
km. To better assess the RO retrievals of the troposphere, the waveptics approaches |(Gorbunoy,

2002;| K.-N. Wang,|2015) should be applied.

2.6 Conclusion and Discussion

This chapter presents a robust and accurate KF-based closed-loop tr&tg method for air-
borne GNSS RO signals traversing the lower troposphere. The KFC métod models the combined
troposphere scintillation and vibration-induced oscillator e ects for GNSS RO receivers onboard
an aircraft as degraded stationary oscillator noise. Real airborne RO experiental data are used to
guantitatively derive the amount of degradation for low-elevation satellite signals and to translate
the degradation in terms of oscillator h-parameters modi cations.

The method performance is demonstrated by processing real airborn&PS RO data and
comparing it to an OL implementation. The results indicate that both K FC and OL can retrieve
bending angles to an impact height of about 2km in this particular set of data. The results also
show that KFC and OL can achieve similar robustness and accuracy, if an accate climatological
Doppler model is available to the OL. The impact of the Doppler model acuracy on OL tracking is
further investigated by arti cially introduced biases. A 5 Hz Doppl er model bias yields about 2 Hz
OL tracking error and about 0.6 bending angle error during low C/Ng segments. These errors are
signi cant. The Geometric Optics approach is used in this chapter toretrieve bending angles and
impact parameters which is problematic for the lower troposphere (alitude < 6 km). The wave
optics approaches will be applied in the future work.

The experimental data used in this chapter is limited by the antema gain which only allows
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signal tracking to 2 km tangent point height. This limitation made it di  cult to observe and
model the e ects of troposphere scintillation, Earth surface scatteing, and oscillator vibration. In
a subsequent study, airborne and mountain-top based RO experimentsith a high-gain antenna
have been conducted, and their results have been used to evaluatbe RO observations of the
lower troposphere (Morton et al.,|2017) and to enable separation of troposphetiscintillation from
surface re ections (Collett, Morton, et al., 2020). These studies willallow further improvement of

the troposphere phase scintillation noise models.
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Chapter 3

Coherent GNSS Re ection Signal Processing for High-precision and

High-resolution Spaceborne Applications

This chapter is adapted from the following paper:

Wang, Y., & Morton, Y. J. (2021). Coherent GNSS re ection signal processing forhigh-precision
and high-resolution spaceborne applicationslEEE Transactions on Geoscience and Remote Sens-
ing, 59(1), 831-842.

3.1 Abstract

This chapter presents an adaptive hybrid tracking (AHT) algorithm designed to process
GNSS-R signals with su cient coherent component. Coherent GNSS-R gjnals have the potential
to enable high-precision and high-resolution carrier phase measuremts for altimetry, sea-level
monitoring, soil moisture monitoring, ood mapping, snow-water equivalent measurements, etc.
The AHT algorithm incorporates the model inputs typically used in the master-slave open-loop
(MS-OL) architecture into a closed-phase lock loop. Raw IF data reorded by the CYGNSS satel-
lites over in-land water, land, and open ocean surface are used to demstmate the performance
of the AHT. The results show that the AHT algorithm achieves comparable robugness with the
MS-OL implementation while maintaining cm-level accuracy and excéent carrier phase continuity
that can be achieved with a ne-tuned KF-based adaptive closed-loop ACL) system. Moreover, the

AHT is suitable for real-time implementation and is applicable to other radio signals-of-opportunity.
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3.2 Introduction

In recent years, GNSS-R has been recognized as an emerging technology fetrieving Earth
surface information, such as ocean wind speed, soil moisture, and altietry applications. The
concept of GNSS-R was rst proposed in 1988 as a bistatic scatterometer (Hall &ordey, |1988).
In 1993, it was rst proposed for ocean altimetry (Martin-Neira, 1993). The UK-DM C satellite
mission, launched in 2003, performed the rst space-borne GNSS-R expienent and proved the
feasibility of using re ected GNSS signals to measure sea state and o#n geophysical observables
(Unwin et al.|] 2003; Gleason et al.,[ 2005; Gleason, 2006, 2013). In 1998, the ariborne GNSS-R
ocean scatterometry was rst demonstrated by (Garrison et al., 1993). In 2014, he TechDemoSat-1
(TDS-1) mission was launched carrying a Space GNSS Receiver RemoterSing Instrument (SGR-
ReSI), which conducts delay Doppler mapping (DDM) of the re ection surface in real time (Unwin
et al.,2016). The TDS-1 mission demonstrated the capability of a low-costlow-power and low-mass
GNSS-R instrument for global observation of wind speed over the ocean siace from space(Foti
et al., 2015). Spaceborne GNSS-R experiment on-board the Soil Moisture Aste Passive (SMAP)
Mission was conducted in 2015 for soil moisture and biomass determination @reno-Luengo et
al., 12017). Subsequently in 2016, the CYGNSS constellation was launched carng the updated
SGR-ReSI. The CYGNSS is the rst GNSS-R science mission deploym a constellation of small
satellites. It consists of eight satellites in low-inclination orbit. The primary objective of CYGNSS
is to measure wind speed in tropical cyclones and hurricanes usingmMs(Ruf et al.| 2018).

Apart from measuring the wind speed above the ocean surface, the signtd-noise ratio (SNR)
of re ected GNSS signal is found to be useful for near-surface soil moigsie monitoring (Masters et
al., |2000) and the time delay between direct and re ected signals can besgd for passive altimetry
of ocean and in-land water surfaces. The sensitivity of TDS-1 GNSS-R ata to soil moisture
is studied in (Camps et al|,[2016). Although the CYGNSS constellation was not dsigned for
these applications, the land-re ected signals it recorded show sting sensitivity to near-surface soll

moisture (Ruf et al., |2018; Chew & Small,|2018; Carreno-Luengo et al., 2018), and itsapability of
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quick and high-resolution (on the order of kilometers) ood mapping hasbeen demonstrated during
the 2017 Atlantic hurricane season in (Chew et al.| 201/8). Ocean altimetry usg the TDS-1 and
CYGNSS data has been studied in|(Mashburn et al.| 2018; Mashbuin, 2019) based oraweform
re-tracking algorithms using DDMs where a height retrieval precison of 6.4 m was observed. It
is further assessed in|(Li et al., 2019) using CYGNSS raw IF data with an impoved precision of
4.3 m. However, the resolution and precision of CYGNSS observations of SNR ane ection
path ranges are constrained by the on-board GNSS-R instrument SGR-ReSIn the SGR-ReSI, the
sampled data is multiplied by a replica carrier and fed into a matrix that performs an FFT on a
row by row basis of the DDM for every 1 millisecond, then each point isaccumulated incoherently
over 1 second in order to reduce the noise in the weak signals, reduttee quantity of data to be
stored, and capture a larger number of re ections (Unwin et al}, 2013). For noncoherent scattered
GNSS-R signal, range measurements can only be obtained based on pseudo-ramdnoise (PRN)
code (at meter-level precision) and has low spatial resolution, e.gthe footprint of a 1-second DDM
from CYGNSS is about 10 km by 10 km. Using the carrier phase measurementsdm coherent
re ections, (Cardellach et al., 2019) shows spaceborne sea surface alttny at centi-meter precision
using CYGNSS raw IF data. The purpose of this study is to present an algothm that can improve
processing of weak coherent component in the GNSS-R signal and to demarate the potential to
achieve higher resolutions and precision observations.
As illustrated in Figure B.I] coherent re ection occurs when the re ection surface is smooth.
If the roughness of the re ection surface is comparable to or larger than the signal wavelength ,
the re ection is non-coherent. The Rayleigh criterion o ers a rough guide to distinguish between
smooth and rough surfaces for the re ected signal with a speci c wavedngth and at a specic

elevation angle (W. K. Chen| 2004), which is represented as:

= 8sin() (3.1)

Coherent scattering could also occur over specic surface facets.g., rough land's surface with

rugged topography(Carreno-Luengo et al., 2014), and the e ective small-scaleoughness for GNSS-
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R signal is empirically analyzed in (Carreno-Luengo & Camps, 2015). As showmi(Martin et al.,
2014) , the coherence of ocean re ection is also related to the receivertiéide, i.e., GNSS-R on a
spaceborne platform has a lower coherence ratio than on a airborne or a grourithsed platform.
Coherent GNSS-R signal can be processed in a way similar to that of theigkct signal, i.e., through
open-loop (OL) tracking (Semmling et alJ,|2016), closed-loop (CL) trackirg (Y. Wang & Morton,
2019;| Carreno-Luengo et al., 2014; Carreno-Luengo & Camps, 2015), etc. The temporal ostion
of coherent GNSS-R measurements depends on the integration time in étracking loop, e.g., 100
Hz for 10 ms integration time, and the spatial resolution is usually approxmated by the rst Fresnel
zone ( 500 m) (Ruf et al.|, |2018;| Carreno-Luengo et al., 2018). For example, for a homogeneous
re ection surface, the spatial resolution is about 0.6 times the rst Fresnel zone |(Camps| 2019).
Therefore, carrier phase-based range measurements can be obtained t@ble high-precision remote
sensing applications such as ocean/in-land water altimetry and snow-ater equivalent estimations.

(Keesey, 2019).

Direct GNSS Signal s yd

Figure 3.1: lllustration of coherent and non-coherent GNSS signal re ectbns.

Phase altimetry at centimeter-level precision over sea ice and laksurfaces has been demon-
strated in (Li et al.,| 2017, 2018) through MS-OL tracking of raw IF GNSS-R signal recorded by

TDS-1. For GNSS-R over open ocean, few studies (Cardellach et al., 2019) yeshown coherent re-
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ection observations from a space-borne platform. In the open ocean, thecean surface is relatively
rough. Only a small amount of coherent signal exists in the re ected sigals at low-grazing angles
when the ocean surface is relatively calm. The low SNR and the large sighamplitude uctuations
caused by multipath interferences in the ocean-re ected GNSS ghal impose great challenges in the
receiver carrier signal processing. The MS-OL tracking approach wlihave large errors and numer-
ous cycle slips in carrier phase measurements. In post-procesgirthe adaptive closed-loop (ACL)
approach has demonstrated improved performances over MS-OL trackingy taking advantage of
the characteristics of GNSS-R signal dynamics and adaptively adjustinghe tuning parameters.
The Kalman lIter-based closed-loop (KFC) tracking in (Y. Wang, Yang, & Mor ton, 2020) is an
example of ACL designed for airborne GNSS radio occultation signals. Howev, the ACL approach
is impractical for real time GNSS-R applications as it needs extensiveuning of the Iter and its
initialization period is relatively long.

In this chapter, we propose an adaptive hybrid tracking (AHT) algorithm for coherent GNSS-
R signal processing. The AHT can be interpreted as ACL tracking aided bythe Doppler model
(used in the MS-OL approach). The AHT approach has the equivalent robustress of MS-OL
tracking and similar precision to ACL tracking without the tuning or initialization e ort. In this
chapter, we demonstrate that coherent GNSS-R carrier phase measuremis over the open ocean
from space can be obtained by processing the CYGNSS raw IF data using ¢hproposed AHT
algorithm. Like MS-OL and ACL, for the received non-coherent GNSS-R sigals, AHT does not
provide any meaningful measurements. Thus, a detection processauld be applied to identify
useful measurements from AHT outputs. The coherence detection can bleased on the SNR and
carrier phase circular analysis|(Roesler et al|, 2020), a machine learrgabased algorithm (Y. Wang,
Liu, et al.| 2020), etc. The AHT is also applicable to other radio signals-of-opprtunity, such as
those transmitted by communication, broadcasting, and networking satelites.

The organization of the rest of this chapter is summarized as follows. Séon [3.3 describes
of the CYGNSS raw IF data and the data processing ow. Section 3.4 intr@luces the MS-OL

tracking, ACL tracking, and the proposed AHT algorithms. Section [3.5 discuses the processing
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results of CYGNSS raw IF data and comparative evaluations of the carrier traking algorithms that

are introduced in Section[3.4. A conclusion and some planned future worlre detailed in Section

B.6.
3.3 CYGNSS Raw IF Data Processing

Direct GNSS PVT, Direct Signal Precise GNSS Orbits,
GNSS Signal Receiver Delay & Doppler MSS Models,
. Y ep Topography data, etc.

/Nav. Bits // Reflected Signal

Delay & Doppler

Modelling
Code Code
Tracking Range
Reflected Carrier Phase Range
GNSS Signal Tracking & C/No

Figure 3.2: Block Diagram of CYGNSS raw IF data processing, including diect signal processing
(grey), re ected signal delay and Doppler modelling (orange) and re ected signal processing (blue).

Apart from their released data products of DDMs and wind speed measuments, the CYGNSS
satellites are also capable of recording raw IF GNSS signals for a short dation (1 min). Each
CYGNSS satellite has one zenith-antenna with right-hand circular polaization (RHCP) to receive
direct signals and two nadir-antennas with left-hand circular polarization (LHCP) to receive signals
re ected from the Earth surface. GNSS signals with carrier frequenyg at 1575.42 MHz received by
these three antennas can be recorded simultaneously at 3.8724 MHz IF and 16.036Hllsampling
rate and quantized as 2-bit samples. With the raw IF data, we can evaluate e algorithms for co-
herent GNSS-R signal processing and assess the coherent GNSS-R meaments for high-precision
applications.

As shown in Figure[3.2, the processing of CYGNSS raw IF signal mainly incldes direct
signal processing, re ected signal code phase and Doppler frequennoyodelling, and re ected signal

processing.
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3.3.1 Direct Signal Processing

The processing of direct GNSS signals follows a generic GNSS softwareceiver consisting
of signal acquisition, a phase-lock loops (PLL) for carrier tracking and a elay-lock loops (DLL)
for code phase tracking, and the generation of position, velocity and timgPVT) solutions (Tsul,
2005). The direct signal processing outputs include estimates of the VT of CYGNSS satellite
and signal parameters of the direct signals (i.e., code delay, Doppldrequency, carrier phase) and
decoded navigation data bits, etc.

The estimated CYGNSS PVT and direct signal parameters are used to generatine delay and
Doppler models to aid tracking of the re ected signal. The decoded avigation data bits are used
to remove the data bits in the re ected signal, so that a four-quadrart discriminator can be applied
in the re ected signal carrier tracking loop, which can improve the tracking results signi cantly.
The code phase and carrier phase measurements from direct signals Mile used for precise orbit

determination and further altimetric retrievals in post-processing (Mashburn, 2019).

3.3.2 Delay & Doppler Modelling

Following a master-slave scheme as described inh (Semmling et|22016), the code delay and
Doppler frequency of the re ected signal, denoted by g(t) and fr(t) respectively, are modelled
based on the direct signal code delayp (t), Doppler frequency fp (t), and the specular re ection

(SP):
f
=M= ot )+ Z(Rr() Ro(t t)) (3.2)
f
fR®=fo(t 1)+ —(Re() Ro(t 1) (3.3)
where Rp (t) and Rp (t) represent for the range and range rate of the direct signal pathRg(t)
and Ry (t) represent for the range and range rate of the re ected signal path,t is the time delay

between direct and re ected signals,f . is the code chipping rate, andf_ is the carrier frequency of

the GNSS signal.
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The re ected path range Rg(t) and range rate Rg(t) are computed based on the position
of the specular point (SP). The minimum path length method descriked in (Gleason,|2010) is
used to estimate the SP position by minimizing the following fundion of re ected path length,
while constraining the SP to the Earth's surface. The Earth surfaceis modeled with the a mean
sea surface (MSS) model, such as DTU13 (Andersen et al., 2015), for oceanemion and with
topography data, such as from the shuttle radar topography mission (SRTM) (Far & Kobrick,
2000), for land re ection.

f(rsp)=jrrRx rspi+jlfsp TI1x] (3.4)
wherersp, I'ry, I'tx are the position vectors of the specular point, the CYGNSS receiver, anthe
GNSS transmitter, respectively, in the ECEF coordinate. It should be noted that ryy takes into

account the signal traveling time.

3.3.3 Re ected Signal Processing
The coherent component in the re ected GNSS signhal can be modelled as:

y(®) = A(MD(c(t  (t)expl 2f rt+ (D)]+ n(t) (3.5)

where A(t) is the signal amplitude, D (t) is the navigation data bit, c(t) is the PRN code, (t) is
the code delay, (t) is the time-varying carrier phase, f | is the IF at which the data samples are
down-converted to, andn(t) is noise. The total carrier phase (t) represents the summation of the

accumulated Doppler range (ADR) and an initial code phase (0) both in radians:
z t
(=2 fr(t)dt+ (0) (3.6)
0
where fr(t) is the Doppler frequency of the re ected signal in Hz.
The re ected signal processing includes its code tracking and caier tracking. In code track-
ing, the replicas of PRN code are generated based on the modelled codelay in Equation (B.2),
and the navigation data bits decoded from the direct signal can be moduated on the code replicas,

so that the code tracking process can e ectively remove the PRN ade and navigation data bits

from the received GNSS-R signal.
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To generate the code delay estimates, PRN codes are shifted in thtame domain (e.g. by
0.5 chip) and then are correlated with the re ected signal. A code phae discriminator is applied
to measure the di erence between the code delay model(t and the true code delay (t), which is
similar to the correlations using early-prompt-late code replicas m a DLL, but without a feedback
or loop lter. Based on the code delay measurements, the range obsenian (in a precision of
meters or tens of meters) can be obtained and applied for altimetry-redited GNSS-R applications.

The re ected signal with code and navigation data bits removed is repesented as:

y(t) = A(exp (2f irt+ (1)]+ n(t) (3.7

The objective of carrier tracking is to measure (t), the amplitude or C/N ¢ of the GNSS-R sig-
nal. With the carrier phase measurement, range observation at centimetr-level precision can be
obtained. However, the carrier phase tracking is sensitive to low @\ ¢ and rapid phase changes. In
addition, the GNSS-R signal is usually adversely a ected by multipath scattering and the degra-
dation from Earth surface re ection, which makes carrier tracking a challenging task. The carrier

tracking algorithms in details are introduced in Section[3.4.

3.4 Carrier Tracking Algorithms

This section introduces three approaches for coherent GNSS-R signaawier tracking, includ-

ing the MS-OL tracking, ACL tracking, and the proposed AHT tracking.

34.1 Master-slave Open-loop Tracking

The MS-OL tracking approach, as implemented in (Semmling et al., 2016} Liet al., |2017,
2018), is simple to implement and has excellent robustness. Howevat,does not have a Iter in the
tracking loop, so that, when the signal C/Ng is low or having multipath interferences, the MS-OL
tracking results can be noisy, and the errors from the discriminator @an accumulate in the carrier

phase observation and cause numerous phase discontinuities.
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Figure 3.3: Block Diagrams of GNSS-R signal carrier tracking algorithms: (a) M5-OL tracking,
(b) ACL tracking, (c) AHT.

As the block diagram shows in Figure[ 3.B(a), in MS-OL tracking, the carrie replica is gen-

erated based on the Doppler model in Equation|[(3.8), which is represé¢ed as:

r(t) =exp[j2f rt+ (1) (3.8)
where
Z t
t)=2 R(t)dt (3.9)
0

The generated carrier replica is correlated with the GNSS-R signal wh PRN code and navigation

data bits removed (as shown in Equation [3.7)). The In-phase (I) and Quadrature (Q) correlation
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outputs are obtained as:

Zyr

I\ = Refr (1) y(t)]dt (3.10)
k 1T
Lyt

Qk = Im[r(t) y(t)]dt (3.11)
«k DT

where T is the integration time in the tracking loop and k is the discrete time tag.
De ning the carrier phase error as (t) = 7(t) (t), the discrete-time measurements of

(t) can be obtained by applying a four-quadrant discriminator:
k = atan2(Qx; lk) (3.12)

Then the measurement of total carrier phase can be obtained by

N

k= k*+* k*+tn 2 (3.13)

where
Zyr

=2 R(t)dt (3.14)
0

and n 2 is the unwrapping term for cycle-slips correction. n is selected fromf 1;0;1g by
minimizing j "« "k 1j (Beyerle & Zus,|2017).

With the |, Q correlation outputs, the C/N ¢ of the re ected signal, in dB-Hz, can be estimated
based on the power ratio method described in| (Sharawi et &l,, 2007) or thsignal intensity (SI)

-based approach proposed in[ (D. Xu & Morton,[ 2018).

3.4.2 Adaptive Closed-loop Tracking

An alternative approach for coherent GNSS-R carrier tracking is the ACL tracking, which
has been discussed in (Y. Wang & Morton, 2019), and a generalized design of AGE described
in (Yang, Ling, et al.| 2017;|Yang, Morton, et al., |2017). The ACL approach, if working properly,
has improved accuracy and less phase discontinuities in carrier phasmeasurements compared to
MS-OL or the conventional close-loop PLL. It achieves the improvemers by taking advantage of

the characteristics of signal dynamics and adaptive lter tuning basedon the real-time estimated
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CIN o. The problem of using ACL for GNSS-R signal tracking is that its performance is dependent
on accurate initialization and tuning to the lter, and it loses lock of t he GNSS-R signal when there
is not su cient amount of coherent signal. The amount of coherent re ecti on signal varies with
the elevation angle, the re ection surface conditions, etc. Therefoe, a strong coherent component
does not consistently exist in the GNSS-R signal; thus, the ACL is gitable for post-processing, but
impractical for on-board operation in real time.

As the diagram in Figure (b) shows, the ACL approach has two main di ererces from the
MS-OL approach. First, the ACL approach does not rely on the Doppler moctl, the reference signal
is generated based on the feedback from the estimated carrier phase anappler frequency. Second,
the carrier tracking problem is reformulated into a closed-loop fedback control problem, where an
estimation of the state vector is obtained based on the signal dynamics andhe measurement
instead of a simple phase correction, as is done in the MS-OL tracking.

The state vector consists of carrier phase, Doppler frequency, and Dgter frequency rate
(for a 3 order loop):

xk=[ -k (3.15)

The dynamics model of the state vector in discrete time is represged as:

Xk+1 = AX k + Wi (316)
where A is the state transition matrix: ) 3
T2
1 7T -
A=00 1 T (3.17)
0 0 1

T is the integration time, and wy is the system dynamics noise vector with covariance matrixQ.

The local carrier replicas are generated using the predicted stateactor %y, . The prediction
is based on the state dynamics model and the estimated signal state in ghlast epoch®y, which is
represented as:

Xk+1 = ARk (3.18)
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where the total carrier phase term in the reference signal, in dis@te time, is predicted as:

1
k1 = okt T4 H éTz.k (3.19)

so that the reference signal is generated based on the interpolated saies of 7.

The measurement of  is obtained in the same way as in the MS-OL tracking: the carrier
replicas are correlated with the received GNSS-R signal (with PRN cde and navigation data bits
removed) to generate thel i, Qk correlation outputs, and a subsequent  is estimated by applying
a four-quadrant phase discriminator, as represented in Equation).

The measurement model is represented as:
k= C Xy + Vg (3.20)
where Xy is the error state vector which is de ned as
Xk = Xk Xk (3.21)
C is the measurement transition matrix:

C= 1

o=

2
1 (3.22)

and v is the measurement noise with varianceR.
Based on the system model described above, the state vect&k can be estimated through a

standard Kalman Iter (KF) (Welch & Bishop, 1995),
Re=%c+ Kk « (3.23)

where K i is the Kalman gain at epochk.
The performance of ACL tracking using a KF is highly dependent on thetuning, i.e., the
selection of process noise covariance matric€s and the measurement noise varianc® . The matrix

Q is modelled as:

2 3
5 4 3
Tq+5a4+ %8 7a+%58 sa
— 2 2 4 3 2
Q=@fUE Ta+FE  Ta+TE T3 (224

_|
w
-
_|
N
L
I
_|
4
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where f_ is the carrier frequency,g = h7° andq =2 2h , are the receiver oscillator phase and
frequency power spectral densities (PSD), respectively, andy, is the PSD of the receiver-satellite
LOS acceleration. hg and h , are the oscillator h-parameters |(O'Driscoll et al!,|2011; Y. Wang,
Yang, & Morton| 2020). Here,hg =5 102 andh , =1 10 %, as typical values for a
temperature-compensated crystal oscillator, are selected. The measement noise varianceR is

modelled based on the signal C/\ and the integration time T (Kaplan & Hegarty, 2005)

1 1

= +
R= 2rem, " zTe,

) (3.25)

To adaptively compute the Kalman gain to capture the signal amplitude variations, a high-
rate C/N ¢ estimation is needed. The high-rate C/Ny can be obtained for thely, Qk correlation

outputs through a method discussed in (D. Xu & Morton, 2018).

3.4.3 Adaptive Hybrid Tracking

The AHT is designed to leverage the robustness inherent in the MS-Olarchitecture while
taking advantage of the Itering benet o ered by a closed-loop approach to improve the accuracy
of the phase estimation. Figure] 3.B(c) is the block diagram for AHT.

As shown in Figure(c), the AHT approach generates the reference signablsed on both the
Doppler model and the carrier phase feedback. The predicted total cairer phase for the reference
signal is represented as:

Z (+1)T

k1 = okt . R(t)dt (3.26)

where  is the carrier phase feedback, and the prediction is performed by tegrating the Doppler
model in Equation (3.3) over the integration time T and adding this to the last-epoch carrier phase
estimation .

The remaining mechanisms of the AHT has a similar formulation of the estination problem
to ACL tracking with some modi cations. For example, for the AHT approach, the carrier tracking

loop does not necessarily require a'® order component in the state vector because the MS-OL
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Doppler model compensates for most of the dynamics in the signal, so thathe state vector is

reduced to:

ze=[ o (3.27)

The dynamics model of the state vector in discrete time is represged as:

Zx+1 = Fz + wy (328)
where the state transition matrix F is:
2 3
17T
F=9 L (3.29)
0 1

and wy is the process noise with covariance matrixQ, which is modelled as:

2 3
Tq + Ta Tq
Q=@f ) § e £ (3.30)
Ta Ta

where f | is the carrier frequency,gq = h7° and g =2 2h , are the receiver oscillator phase and

frequency PSDs |(O'Driscoll et al{,|2011] Y. Wang, Yang, & Mortor,|2020), as de nedin Equation
(8-24).

The measurement model is represented as:
k= H zx+ vg (3.31)
where H is the measurement transition matrix,
H= 1 % (3.32)

vk is the measurement noise with varianceR, which is modeled as in Equation (3.25). Similar to
MS-OL and ACL tracking, the carrier phase measurement  is obtained using the four-quadrant

phase discriminator in Equation (3.13).

The estimation problem in AHT is formulated by Equations (8.28) and (3.31)), and a mod-

i ed KF (Melch & Bishop, |1995) is applied to generate the state estimates The most signi cant



43

modi cation is that at the beginning of each KF recursion, the Doppler frequency component

in zy is reset as the predicted Doppler frequencyrk in the Doppler model:

1 YA kT
72 TR (3.33)

Rk =

wherefr(t) is the Doppler model in Equation ). And the Doppler frequency conponent in the
estimated error covariance matrix P is reset as ,%, which represents for the Doppler model error

variance. The AHT algorithm is summarized below:

Adaptive Hybrid Tracking Algorithm
Input: z  ;, Py 1, & fRe, C/No[K]
. + +
Output: z |, P
Initialization:
k=1
Z; 1= [0;2 1:NRk]T
+ —
Py 1= Po
while True do
Reset State Vector:z, ;(2) =2 fr«
Reset Error Covariance Matrix: Py ,(2;2)= 3
Prediction:
z, = Fz‘k“+l ]
P, =FP, ;F +Q
Update:
- 1 1
R= srenym* zron;m)
K=PHT(HP HT+R) !
z, = zp + K
P; =(l KH)P,

Each iteration of the modied KF in the AHT algorithm consists of 31 addition an d 49
multiplication operations. Such low computational cost makes the AHT suitable for real-time

operation on-board a satellite.

3.5 Processing Results

The MS-OL, ACL and AHT approaches are applied to raw IF direct and re ected GPS L1
signals recorded by CYGNSS during July 2017 to April 2019. There is a total of 136 dat sets. The

average duration of a data set is about 60 seconds. Figufe 3.4 shows the SRtks for all the 136
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Figure 3.4: Specular point tracks of identi ed coherent and non-coheretire ection events from raw
IF CYGNSS data collected during July 2017 to April 2019.

data sets from all visible GPS satellites. As shown in Figur¢ 34, the lne SP tracks represent those
of completely non-coherent re ections, while the red ones represg those containing some coherent
re ection segments. The coherent and non-coherent re ection segmes are identi ed through visual
inspection of the AHT outputs. Overall, 16% of the re ection events contain coherent segments.
Each event refers to signal re ection of one GPS satellite for one recoetl data set. We further
classi ed the data sets into two classes according to the CYGNSS satéke antenna gain. Among
re ection events having positive antenna, 36% have coherent segmesit While for re ection events
having negative antenna gain, only 7% have coherent segments. The antea gain is related to the
observation geometry, i.e. the elevation and azimuth angles. This dis@pancy indicates that the
antenna gain and/or the observation geometry play important roles in enablirg coherent processing.
In the following, three representative examples of coherent GNSS rections are presented to
demonstrate the capability of the proposed AHT algorithm and to show that high-precision and
high-resolution observations can be obtained from coherent GNSS-R. As sumarized in Table[3.],
these three sets of data include re ection signals from in-land waterland, and open ocean surfaces.

Furthermore, an analysis of the collection of coherent ocean re ectionss presented.
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Table 3.1: Summary of the selected coherent re ection examples

Surface Duration Elevation Antenna Coherent

(s) Angle () Gain Integration
(dB) Time (mMs)
A In-land 1.7 65.8 10.5 5
Water
B Rain 8 76.3 11.5 5
Forest
C Ocean 60 4.8 0.5 20
35.1 In-land Water Re ection

The in-land water re ection data was collected by CYGNSS satellite #5 on March 26 , 2019
starting at 23:27:40 UTC. The GPS PRN 17 L1 signal was re ected over land in Arkarsas, USA.
The GPS satellite elevation angle at the SP is 65.8 The CYGNSS satellite antenna gain in the
direction of the re ected signal is about 10.5 dB.

The SP trajectory of this re ection event during seconds 24.3 to 26 (fom the beginning of
data collection) is displayed in the top plot in Figure @ It shows that the PRN 17 signal was
re ected over Millwood lake and two small lakes besides it. Thesehree lakes are separated by two
roads and some land areas.

The bottom three plots in Figure show the C/Ng, carrier phase and detrended carrier
phase estimations from MS-OL, ACL, and the proposed AHT algorithm (shown in Hue, red, and
black lines respectively). An integration time of 5 ms is used for all hree approaches. The C/N is
estimated at a 200 Hz output rate using the method discussed in (D. Xu & Mrton| 2018). It can be
observed that the three approaches yield almost identical C/N results, which may contain the water
content information of the re ection surface. The high C/N ¢ segments indicate coherent re ections
from lake surfaces, while fades occurred at about 25.6 s and 25.7 s correspaidre ections over
roads or land area separating these three lakes. The spatial resolution ohé C/No measurements
is consistent with the rst Fresnel zone, which has a semi-major ais of about 360 meters and a
semi-minor axis of about 330 meters, as shown in the top plot in Figuré¢ 3]5.

The plot in the middle shows the accumulated carrier phase in meters, which is a relative
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Figure 3.5: A coherent in-land water re ection example obtained from CYGNSS raw IF data
collected on March 26" 2019 at 23:27:40 UTC over Millwood Lake, Arkansas: with applications
of the MS-OL tracking, ACL tracking and the proposed AHT. The top plot shows the specular
point track, the second plot shows the tracked signal power measurechiterms of C/Ng (dB-Hz),

the third plot shows the estimated carrier phase (denoted by ), and the bottom plot shows the
detrended carrier phase (denoted by ).

range measurement (i.e., with unsolved carrier phase ambiguity) of tk re ected signal path. can
be used to retrieval lake surface height|(Li et al.| 2018). The bottom plot slows the detrended
carrier phase estimations obtained using the three algorithms. The purpose of detneding

is to show the continuity of the phase estimation. The detrending & performed by tting and
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Figure 3.6: Un Itered carrier phase discriminator outputs from the MS-OL tracking and the
AHT in the coherent in-land water re ection example as shown in Figure[35

removing a 39-order polynomial trend of the phase range accumulated over the displad period.
For re ections over lake surfaces, the signals have a strong coheremavith high C/N o, and the
carrier phase estimates from the three algorithms are nearly identical For re ections over the dry
land areas, the AHT approach generated less noise and better phase contingicompared to the
other two algorithms. The ACL results are noisy at the beginning (secouls 24.5 to 24.75) of the
data segment because it is still operating in the transient state. Tke ACL loses lock of the signal at
around 26 s when there is not su cient coherent component in the recered signal. These issues with
ACL indicates that it requires accurate initialization of the states and lIter tuning parameters, and
the initialization is dependent on the detection of coherent re ections, which makes it impractical
for real-time implementation on a spaceborne platform.

Figure 3.6 shows the un Itered carrier phase error  from the discriminator in both the
MS-OL tracking and the AHT. from the MS-OL tracking is the unwrapped carrier phase as
show in Figure . It can be observed that, for the coherent re ection sgment (seconds 24.5 to

25.8), from the AHT is almost centered at zero, while for the non-coherent segmen (seconds
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23.5 to 24.5 and seconds 25.8 to 27), appears to be noise. As a result, can be used to detect

coherent re ection in the AHT measurements.

3.5.2 Land Re ection

This set of data was collected by the CYGNSS satellite #3 on January 24 , 2019 sirting
at 00:48:46 UTC. The GPS PRN 11 L1 signal was re ected over a rainforest in Bolila. The
GPS satellite elevation angle at the SP is about 76.3 The CYGNSS satellite antenna gain in the
direction of the re ected PRN 11 signal is about 11.5 dB.

Figure [3.7 shows the SP trajectory and processing results of thiserection event during
seconds 39 to 47 since the beginning of data collection. The plots are laimlit in the same way as
that of Figure The same update rates are used as in Figu@.S. Again, the C/plestimates from
ACL, AHT, and MS-OL estimates are nearly identical, and, therefore, only the C/N ¢ estimates
from MS-OL are displayed in Figure[3.7.

The variations of the estimated C/N g are due to the properties of the re ection surfaces, e.g.,
soil moisture, vegetation coverage, etc. Continuous carrier phase measments are observed from
all three approaches, which show the potential of using coherent GNS&- signal for high-precision
terrain topography in some speci c areas where coherent re ection measements are available.
The detrended carrier phase estimates in the bottom plot show that AG. and AHT have almost
identical performance, and the MS-OL tracking results are noisier ad have larger errors and/or
cycle-slips. Most of the large errors and/or cycle-slips in the MS-OLtracking correspond with
drops in C/N g, which can be observed more clearly from the zoomed-in Figu@.& as ma#t by
the rectangles. This example demonstrates that the estimator in ACL aml AHT can e ectively
mitigate the e ects of C/N ¢ fading and lead to smoother carrier phase measurements with fewer

phase discontinuities.
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Figure 3.7: A coherent land-re ection example obtained from CYGNSS raw IFdata collected on
January 24", 2018 from 00:48:46 UTC over rainforest in Bolivia: with applications of the MS-Q_
tracking, ACL tracking and the proposed AHT. The top plot shows the specuar point track, the
second plot shows the tracked signal power measured in terms of C/N(dB-Hz), the third plot
shows the estimated carrier phase (denoted by), and the bottom plot shows the detrended carrier
phase (denoted by ).

3.5.3 Ocean Re ection

This set of data was collected by the CYGNSS satellite #3 on February 7, 2018rbm 18:17:25

UTC. The PRN 15 GPS L1 signal was re ected over the Arabian Sea. A total duration of 60 s
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Figure 3.8: Zoomed-in MS-OL tracking results of the land-re ection example shown in Figure[3.7.
The left y-axis represents the detrended carrier phase and the right y-axis represents the C/Np.
Large phase jumps indicating cycle slips are marked by the rectangles.

of data was recorded and there is a short segment ( 3.5 s) of missing data in the recorded data
sequence. The GPS satellite elevation angle at the SP is about 4.6 5.0 . The CYGNSS satellite

antenna gain in the direction of the re ected PRN 11 signal is about 0.5 dB.This event is selected
as it has the longest distance from land, which makes it a representater example for GNSS-R over
open ocean.

The top plot in Figure B.9]shows that this re ection event is over openocean ( 500 km to
the nearest coast) and with a SP track of about 500 km in length. The second pt shows C/Ng at
50 Hz rate from MS-OL tracking, the third plot shows the carrier phase eimates and the bottom
plot shows the detrended carrier phase estimates. The re ectedignal is received with low antenna
gain; thus, an extended integration time of 20 ms is applied.

The C/N o estimates show frequent and large uctuations of the re ected signal anplitude,
which are caused by the multipath re ections from the ocean surface.The MS-OL tracking ap-
proach can clearly maintain lock of the signal; however, there are numeus phase discontinuities
in the carrier phase estimates. These discontinuities make the dat nearly useless, as it will be

impossible to maintain carrier ambiguity resolutions and to perform eror corrections. The ACL
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Figure 3.9: A coherent open-ocean re ection example using CYGNSS raw IFlata collected on
February 71", 2018 at 18:17:25 UTC over the Arabian Sea: with applications of the MS-OL tracking,
ACL tracking and the proposed AHT. The top plot shows the specular point track, the second plot
shows the tracked signal power measured in terms of C/pl (dB-Hz), the third plot shows the
estimated carrier phase (denoted by ), and the bottom plot shows the detrended carrier phase
(denoted by ).

tracking and AHT have almost identical performances, and the carrier phae estimates from these
two approaches do not show any observable discontinuities. The presion of the carrier phase-
based range measurement (for this ocean re ection event during a shbamount of time) can be

approximated by a 39-order polynomial trend. The detrended phase residual  obtained from
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the AHT and MS-OL tracking has a standard deviation of about 3.7 cm and 22.5 cm, repectively.
This example con rms that the ACL and AHT approaches outperform the MS-OL approach
by providing smoother carrier phase measurement with no phase di®ntinuities. The continuous
carrier phase measurements demonstrate that centimeter-level gh precision range measurements
can be obtained from space-borne GNSS-R for ocean altimetry. Again, it shodlbe noted that
although the ACL tracking has almost identical performance as the AHT, the ACL implemen-
tation depends on the detection of coherent re ection, accurate initalization and tuning of KF,
which makes it infeasible for on-board operation on a spaceborne platform ineal time. The AHT
autonomously integrates the model inputs used in a MS-OL tracking andthe feedback from a

closed-loop tracking to achieve the optimized e ects of a carefullytuned ACL.

354 Coherent Ocean Re ection Analysis

To obtain a more comprehensive assessment of the coherent re ectiorcourrence, we analyzed
all ocean re ection events from the 136 data sets. Our analysis shows #t coherent ocean re ections
are likely to occur over calm ocean surface (i.e. having low windpeed) and with low satellite
elevation angle. Figure[3.1ID shows the scatter plot of the wind speed ov@cean surface and the
satellite elevation angles for all coherent ocean re ection events as éhti ed in Figure 3.4] The
wind speed is obtained from CYGNSS Level 2 data products. The blue dotsepresent coherent
ocean re ection event occurred far from land & 50 km) and the green triangles represent those
occurred near land & 50 km). The black curve presents the Rayleigh criterion. It can be oBerved
that the blue dots somewhat follow the Rayleigh criterion. This suggets that the occurrence of
coherent re ections over open ocean is roughly consistent with the Ryleigh criterion. For coherent
ocean re ections near land, they may occur with relatively higher wind speed and elevation angles.
This may be because the coastal area has relatively shallow water and thecean waves are less
likely to be fully developed.

The ocean re ection events studied here have an overlap of 31 evenisith (Cardellach et

al., 2019), and 5 of them are identi ed as coherent. The coherence of the orlapped events are
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Figure 3.10: Coherent ocean re ection statistics of wind speed over @an surface and satellite
elevation angles. The example shown in Figurg 3|9 is marked by the squear

consistent in these two studies. In addition, all the 12 coherent egnts observed in [(Cardellach €t
al., 2019), out of 63 events being studied, have elevation angles below 2&nd wind speed below 6
m/s, which also suggests that coherent re ections are more likely to ocur over calm ocean surface
and with low elevation angle.

The ocean surface height can be retrieved through:

R
2sin

(3.34)

where R is the measured re ected signal delay (i.e. the di erence betwen the measured carrier
phase-based range and the range from specular re ection model) and H is the error of the
modelled SP height (Mashburn, 2019 Li et al.| 20177). Equation[(3.34) can also be ed to evaluate
the precision of surface height retrieval. As shown in Tablg 3]2, for theocean re ection example
presented above, the 3.7 cm range precision, as obtained above in Sect{3.5.3 from the AHT
results, leads to the surface height precision of about 21.2 cm, and the Z2.cm range precision
obtained from the MS-OL tracking results leads to the surface heightprecision of about 1.289 m.
It should be noted that, the precision of range measurement and surfacedight retrieval discussed

here only refer to signal tracking error. Based on Figurd 3.70 and Equatioh 34, coherent ocean
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re ections are more likely to occur with a low elevation angle, howeer, a low elevation angle
degrades the precision of surface height retrieval. This is consistéwith the statement in (Semmling

et al., 2016) through simulation analysis.

Table 3.2: Comparison of carrier phase-based range and surface height preois between the MS-
OL tracking and the AHT results.

MS-OL AHT
Range Precision (m) 0.225 0.037
Height Precision (m) 1.289 0.212

Solving the absolute sea surface height (SSH) requires the carriethpse ambiguity solution
(with the aiding of PRN code-based range measurements) and the corrgon of the ionosphere and
troposphere errors, the satellite orbit, attitude, and clock errors the antenna phase center o set,
the multipath propagation errors, etc. While SSH retrieval and the reailts analysis are beyond
the scope of this work and are the subject of a subsequent study, we lipresent an example
case study following (Cardellach et al.,| 2019). Here, the SSH is retri@d using the AHT carrier
phase measurements for the above coherent ocean re ection example (ssown in Figure[3.9 and
marked in Figure [3.1Q) and shown in Figure[3.1]l. The standard deviation of the etrieved sea
surface anomaly, based on the DTU13 MSS mode| (Andersen et al., 2015), is 0.77 rhe current
CYGNSS satellites collect only single frequency L1 signals. A more accate SHH retrieval and

assessment require ionospheric error correction using dual/multirequency GNSS-R measurements.

3.6 Conclusion

This chapter proposes an adaptive hybrid carrier tracking algorithm for amherent GNSS-
R signal processing. The AHT algorithm can be interpreted as using the Dopler model to aid
the adaptive closed-loop tracking. It e ectively integrates the mechanism typically employed by
an MS-OL and a closed-loop carrier phase tracking systems. The regilg AHT has robustness
comparable to that of the MS-OL tracking and an accuracy comparable to that of acarefully tuned,

steady-state, KF-based ACL. Also, unlike the ACL approach, the AHT does rot require accurate
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Figure 3.11: Altimetry solution of the coherent ocean re ection example asshown in Figure[3.9

initialization or tuning of the Kalman lter; thus, it is suitable for r eal-time operation on a low-
Earth orbit satellite or on other dynamic platforms. The performance of the AHT algorithm is
demonstrated by processing real space-borne GNSS-R signals recordagdthe CYGNSS satellites
and comparing the results with that obtained using the MS-OL tracking and ACL approaches.

We applied the AHT as well as the MS-OL and ACL implementations to three sets of
CYGNSS IF data collected over in-land water, land, and open ocean surfase For all three exam-
ples, the AHT demonstrated excellent performances in both robustnesand accuracy. In particular,
we demonstrated the AHT ability to maintain lock of coherent re ections without carrier disconti-
nuities over open ocean from space during the entire available dataegment. This result indicates
that centimeter-level high precision range measurements can be obtaéd from space-borne GNSS-R
for ocean altimetry.

The tracking results of GNSS-R signal re ected from in-land water and Bnd also demonstrate
that high resolution C/N ¢ measurements can be obtained from coherent GNSS-R signals, which
could signi cantly improve the current GNSS-R land applications, such as soil moisture monitoring,
ood mapping, vegetation state monitoring, terrain topography, snow-water equivalent etc. The

carrier phase measurements will be further processed for error carctions and applied to ocean
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altimetry retrievals in our future work.

We should note here that the AHT performances presented in this chapteare associated
with certain conditions of the measurements. For example, the coher# ocean re ection events
presented are with relatively low elevation angles and/or relatively @lm in-land water and ocean
surface. Quantitative analysis of the coherent signal levels and theirelationships to the re ection
signal surface conditions, observation geometry, antenna gain, transmigr signal power, and signal
properties, such as carrier frequency, bandwidth, and modulationgre currently under investigation.
Finally, the AHT presented in this study is also applicable to other radio signals-of-opportunity,

such as signals transmitted from communication, broadcasting, networkig satellites.
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Chapter 4

A State-Based Method to Simultaneously Reduce Cycle Slips and Noise in

Coherent GNSS-R Phase Measurements from Open-Loop Tracking

This chapter is adapted from the following paper:

Wang, Y., Breitsch, B., & Morton, Y. T. J. (2021). A State-Based Method to Si multaneously Re-
duce Cycle Slips and Noise in Coherent GNSS-R Phase Measurements Frddpen-Loop Tracking.
IEEE Transactions on Geoscience and Remote Sensindg9(10), 8873-8884.

4.1 Abstract

The carrier phase measurements of coherent GNSS-R signals have demiated potential for
high accuracy altimetry applications. However, the coherent componert in the re ected signal are
often accompanied by non-coherent scattered signals, which may causemerous cycle-slips in the
conventional open-loop tracking and post-processing approach. Thesgde-slips can lead to meter-
level errors in the altimetry retrieval. This chapter presents a simultaneous cycle-slip and noise
Itering (SCANF) method for dual-frequency GNSS-R phase measuremats generated by open loop
tracking. The performance of this method is demonstrated using real GISS-R phase measurements
recorded by receivers on board Spire's low-Earth orbit (LEO) satellies. The retrieved sea surface
height anomaly (SSHA) has an average root mean square (RMS) of 7.3 cm for sea andasiee
surface re ections relative to the mean sea surface (MSS). The témique presented in this chapter
is also applicable to GNSS carrier phase measurements obtained underhetr challenging conditions
such as signals propagating through ionosphere plasma structures, radiacoultation (RO) signals

traversing lower troposphere, and multipath-rich environments
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4.2 Introduction

Global Navigation Satellite Systems Re ectometry (GNSS-R) has playedan increasingly
important role in geophysical remote-sensing applications, includig sea surface roughness (Garrison
et al.,, 2002; Ruf et al., 2018), soil moisture (Ruf et al., 2018; Camps et al., 2016), and ean
altimetry (Clarizia et al., 2016; Mashburn et al., 2018). The concept of GNSS-Rwas rst proposed
in 1988 as a bistatic scatterometer by Hall and Cordy (Hall & Cordey, 1988). In 1993, it vas rst
proposed by Martin-Neira for ocean altimetry (Martin-Neira, 1993). GNSS-R, due to its passive
nature and free access to GNSS signals, has the following advantages: loast, global coverage,
all-weather operation, better precision and resolution, etc. SeveralGNSS-R missions have been
launched, primarily for measuring wind speed over ocean surfaceush as UK-DMC (Unwin et
al., 2003; Gleason et al., 2005), TechDemoSat-1 (TDS-1) (Unwin et al., 2016), Cyclon&NSS
(CYGNSS) (Ruf et al., 2018), etc. In recent years, the coherent componestin GNSS-R signals
have gained much attention. Centimeter-level high-precision altmetry has been demonstrated for
inland water (Li et al., 2018), sea ice (Li et al., 2017), and open ocean surfaces &&ellach et al.,
2019; Y. Wang & Morton, 2021a) using raw intermediate frequency (IF) data of coheent GNSS-
R signals recorded by TDS-1 and CYGNSS. The Low Earth Multi-use Receier-2 (LEMUR-2)
constellation was inaugurated in 2015 by Spire Global Inc. for radio occultabn (RO), ionosphere,
and Earth surface re ection observations, and it provides a large amount @ta for GNSS-R phase
altimetry studies (Kramer, 2020).

GNSS-R signals contain both coherent and non-coherent scattering componts in variable
proportions (Carreno-Luengo & Camps, 2016). The coherent component can progie continuous
carrier phase measurements of high precision and resolution (Y. Wang & Maon, 2021a; Camps,
2019). However, as shown in (Y. Wang & Morton, 2021a), GNSS signals re ected o the oean
only contain su cient coherent components for extracting the phase when they are at low-grazing
angles and when the ocean surface is relatively calm. From the coherenbmponents, carrier phase

measurements can be obtained through a standard GNSS signal processingoapach for direct line-
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of-sight (DLOS) signals, e.g., open-loop (OL) or closed-loop (CL) tracking.However, the coherent
components of GNSS-R signals usually have a lower signal-to-noise rati®R) than typical DLOS
signals and have large signal amplitude fading caused by multipath intdierence due to scattering
of signals by surfaces in the vicinity of the specular point. This immpses great challenges in the
receiver carrier signal processing.

Most existing applications, including the LEMUR-2 constellation, process the GNSS-R co-
herent components using some form of OL tracking (Semmling et al., 2016) ahpost-processing
(Sokolovskiy et al., 2009; Ao et al., 2009). This approach may have large errors andumerous cycle
slips in the carrier phase measurements due to the low signal-to-neé¢ ratio (SNR) and amplitude
fading (Y. Wang & Morton, 2021a). The correction or ltering of such cycle slips is not well stud-
ied in existing literature. Common approaches to cycle slip corredbn, such as that in (Blewitt,
1990), are designed to work with slips in 1 Hz or slower rate data and cannot be ectively applied
to high rate (e.g. 50 Hz) GNSS-R carrier phase measurements. The methaased by GeoOptics's
Community Initiative for Continuing Earth Radio Occultation (CICER O) data processing can only
correct some of the obvious cycle slips (GeoOptics, Inc., 2020). These paches do not use in-
formation from the measured SNR, which is important for correcting the gscle slips caused by
signal amplitude fading. Alternatively, an adaptive hybrid tracking me thod presented in (Y. Wang
& Morton, 2021a) shows an improved performance in reducing cycle slips anoise in measured
outputs. However, such an approach cannot bene t the existing data reorded in an OL tracking
mode.

In this chapter, we present a simultaneous cycle-slip and noise tering (SCANF) algorithm
for dual-frequency GNSS-R carrier phase measurements obtained thrgh OL tracking. The Iter
gain is adjusted based on high-rate SNR estimation, and the phase unwrappgnprocess (Sokolovskiy
et al., 2009) is incorporated into the Itering. We demonstrate application of the proposed method
using dual-frequency re ected GPS signal phase measurements @ced by OL tracking algorithms
on board Spire's low-Earth orbit (LEO) satellites (Masters et al., 2019) andcompare it with a mod-

i ed version of the method used by GeoOptics (GeoOptics, Inc., 2020).To validate the proposed



60

method, we demonstrate retrieval of the relative sea surface heigtanomaly (SSHA) over the re ec-
tion regions. The SSHA is de ned as the di erence between the mean sesurface (MSS) height and
the actual observation by an altimeter. We stress that the relative SSHAthat is retrieved through
the method outlined in this chapter will contain a constant bias, trop osphere delay variations along
the track, and tide model errors. Nevertheless, we maintain that theretrievals are still valuable for
SSHA applications such as studying mesoscale ocean eddies, monitorisga ice coverage, improving
the understanding of ocean circulation patterns, and forecasting cthatological events such as El
Nino and La Nina (Fu & Cazenave, 2000). The retrieved relative SSHA shosvcentimeter-lever
errors when compared with the MSS.

The organization of the rest of this chapter is as follows. Section 4.3 intvduces OL carrier
tracking and phase unwrapping. Section 4.4 gives a description of the pposed SCANF algorithm
for mitigating cycle slips. Section 4.5 presents two examples to daonstrate the performance of
the proposed method. Section 4.6 discusses the error budget and th&sstical root mean square
(RMS) errors of SSHA retrievals. Finally, in Section 4.7 we discusshe implications of the method

and its potential use for other applications.

4.3 Background

We consider a data-encoded signal, such as GPS L1, where both the diretihe-of-sight
(DLOS) and the re ected signals are collected from an antenna on board a LEO atellite. We
assume that the signals are processed in an OL tracking mode where tHfRRN codes on both direct
and re ected signals have been successfully removed. Below weopide a brief summary of the
OL tracking, followed by the proposed post-processing of GNSS-R signalthat will mitigate the

occurrence of cycle slips in the coherent re ected phase.
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4.3.1 Open-loop Tracking

Both the direct and coherent re ected GNSS signals received by the aenna can be modeled

as:

x(t) = A(t)Crav(t)expli (1 irt+ (D) + (1) (4.1

whereA(t) is the signal amplitude, C,4y () is the the navigation data bit sequence,! | is the angular
IF (in rad/s) to which the data samples are down-converted, and (t) contains the unmodeled errors
and noise, including non-coherent components of the scattered signalThe carrier phase (t) for

the DLOS and re ected signals (using subscripts D and R respectivly) can be modeled as:

o= " jrolt  to) ()]

Diono;D(t)"' b[x (t tD) brx(t) +2 N D (4-2)

_Ire . L .
r(t) = e j rc(t tr)  rsp()j+ jrsp(t) rex(t)]

Diono;R(t)+ Dtropo;R(t)"' hx (t tR) brx(t) +2 N R (4-3)

Here,! rf is the angular carrier radio frequency (in rad/s) at which the GNSS signalis transmitted
and cis the speed of light. The position vectors in the Earth-centered Eath- xed coordinate frame
of the GNSS transmitter, receiver, and specular point arery, I'r¢, and rsp respectively. Subscripts
D and R are used to denote quantities corresponding to the direct ande ected signals respectively.
t is signal travel times from transmitting to receiving antennas, Diono(t) is the ionosphere delay,
Dropo (1) is the tropospheric (neutral atmosphere) delay,by (t) and b (t) are the GNSS and receiver
clock biases, respectively, andN is the carrier ambiguity. The tropospheric delay should also be
taken into consideration for direct signals when the GNSS satellite isat a low elevation angle.
During open-loop processing aboard the LEO spacecraft, the incominggnal x(t) is correlated

against a locally generated reference (Kaplan & Hegarty, 2005):

v
ZIK] = % t Tx(t)x (t)dt (4.4)

tk
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whereT is the integration time, k is the discrete time index, andx-(t) is the complex conjugate of
the reference signal
h i
x(t)=exp j(trt+ (1)) (4.5)
Here, ~ is the corresponding phase model for either the direct or re ectedsignal, which can be

modeled, respectively, as:

M= "t to) @i+t o) ()] (@6)
RO= Tl tR) R * i re®) ) ]

O (t tr) B (t)] (4.7)

ttx and B are computed from the broadcast GNSS ephemerigyx and by are estimated in
real-time by a precise orbit determination (POD) receiver on board the LEO spacecraft, andrsy is
estimated based on a MSS model (such as DTU18 (Andersen et al., 2018)).

The in-phase (I) and quadrature (Q) outputs are obtained by taking the real and imaginary
components of the complex correlation outputZ [k]. The essential quantities generated by the OL
tracking include the reference phasek], the in-phase and quadrature correlation outputsl [K] and
QIKk], and the receiver time stamp. Note, k] is the discrete-time carrier phase model:

Zy

k

k] = % ot (4.8)

tk

Corresponding quantities are obtained for both the direct and re ected processed signals.

4.3.2 Phase Unwrapping

The block diagram of post-processing OL GNSS-R phase measurementssBown in Figure
4.1. One of the rst steps in post-processing OL outputs is the remwaal of data bits from the I/Q
correlation outputs. This is an important step that allows for the use of the four-quadrant arctan2
function when unwrapping phase (Sokolovskiy et al., 2009), which elinmates the occurrence of

half-cycle slips in resulting measurement. The navigation bits ae available from the Bit Grabber
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Network (bitArc) of COSMIC, and can be aligned to the OL correlator outputs for both direct and

re ected signals by maximizing their cross correlations.

Figure 4.1: Block diagram of post-processing OL GNSS-R phase measurentgnvith the SCANF
method.

Nominally, the total measured phase” is obtained as the sum of the OL phase model” and

the residual phase estimates (also referred to as unwrapped phasepin the correlator output

where;

~k] = atan2( Q[K]; I [K]) + m[K]2 (4.9)

and where m[k] is an integer-valued sequence selected in order to minimize k] Tk 1)
(Sokolovskiy et al., 2009). The estimates of the re ected phase are thus dhined as “r[k] =
~=[k]+ “r[K]. Similarly, the DLOS phase estimates are obtained asp[k] = p[k]+ oIkl

The process of phase unwrapping can introduce cycle slips in the @asured phase when the
integer sequencem[k] is estimated incorrectly. In particular, cycle slips tend to occur due to a
combination of deep signal fading and the e ects of noise as discussed iBieitsch, Morton, Rino,
& Xu, 2020) and (Breitsch, Morton, Xu, & Yang, 2020). Such is the case for re ectedsignals whose
coherent component is relatively weak and therefore susceptible tanterference from scattered
signal components. As an example, Figure 4.2 shows cycle slip occuress in the unwrapped phase

from GPS signals that are re ected o of sea ice. The top and bottom panels sbw the SNR and
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phase, respectively, for both L1 (in blue) and L2 (in red) signals. Numeous slip occurrences are
highlighted in the plot. These slips result in the accumulation of discrete integer-cycle biases in the

measured phase.

Figure 4.2: SNR and unwrapped carrier phase from OL tracking PRN #30 GPS-RSignal, re ected
over Hudson Bay, recorded by Spire's #090 LEO satellite, starting fromUTC 02:11:35 on February
8 2019. (A segment of the event shown in Figure 4.3 and Figure 4.5). The vexal shaded bars
indicate signal fading and accompanied phase slips on L1 (gray) and L2 (yelg.

4.4 Cycle Slip Mitigation

The SCANF method presented in this section is designed to estimate¢he full phase mea-
surement with minimal contributions from cycle slips and scattering noise. It uses a Kalman lter
(KF) formulation with adaptations to make it e ective for mitigating cyc le slips. A cycle slip is
a discontinuity in carrier phase measurements, and it usually show a sudden phase jump at a
magnitude of integer numbers of signal wavelength within a short amount oftime. For GNSS-R,
if a cycle slip exists, the retrieved SSHA will have a sudden cinge at a magnitude comparable to
the signal wavelength (and varying with elevation angle). Therefore, v can use this as a simple

criteria for a successful ltering of cycle slips, i.e. the SSHAretrieval does not have any sudden
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change (e.g.> 15 cm) within, e.g., 0.1 s. It should be noted that this method conducs mitigation
of all phase jumps associated with signal amplitude fading, which is baseon a raw judgement
without looking into the real data. Some of the phase jumps may be due taeal physical features
of the re ection surface, such as ice leads or polynyas, and they should gpar in both L1 and
L2 measurements. Extra processing on the raw (un Itered) phase masurements should be con-
ducted in order to detect rapid phase changes corresponding to real phical features. In addition,
this method applies to coherent GNSS-R phase measurements, thuslterence detection such as in
(Y. Wang, Liu, et al., 2020) should be conducted before the SCANF processing.

As we saw in Figure 4.2, cycle slips occur during fades in the signal arijude and the slips
for L1 and L2 signals do not necessarily happen simultaneously. Our suryeof Spire GNSS-R
data indicates that this pattern in general holds true. To some extent the algorithm is analogous
to a low-pass lter that removes the fast phase changes due to cyclelips. An e ective cycle
slip mitigation algorithm will be able to separate the dynamics of the sigral phase components,
such as ionosphere, troposphere, and SSHA, from the e ects of scatteringnd cycle slips. With
this in mind, we present the following ltering algorithm that has t hree critical characteristics: 1)
a measurement model with an adaptive noise covariance based on signal darrto-noise density
ratio (C/N ), 2) a phase dynamics model with a carefully chosen process noisevaoance, and
3) re-estimation of the integer-cycle bias sequencen[k] that occurred during the original phase
unwrapping in (4.9). Before we can e ectively apply this Iter, iti s necessary to remove the phase
dynamics that can be estimated prior, which we discuss in the nextbsection. Then, the SCANF
algorithm is described in detail in Section 4.4.2. For the sake of comparisqrwe also implement a
moving-window cycle slip correction method, which is a modi edform of the method documented

in (GeoOptics, Inc., 2020) and is described in Section 4.4.3.

44.1 Phase Dynamics Removal

For the algorithm to be most e ective, it is necessary to rst remove the components of the

phase variation that can be estimateda priori. This is achieved by using a more precise version
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of the phase model from (4.6) that was used in the OL tracking. Here the ediates of GNSS
satellite position £ and clock biasfi are computed from post-processed precise GNSS ephemeris.
Estimates of the LEO satellite position fx and clock bias B, can be obtained from the post-
processed LEO satellite POD solution. An estimate of the specular poinlocation fsp is computed
based on the precise GNSS and LEO satellite positions, the MSS model, dra tide model such as
TPXO8 (Egbert & Erofeeva, 2002).

The receiver clock biasfiy estimated based on POD is at a low rate (1 Hz), which cannot
capture higher-frequency oscillator uctuations. As an alternative, we can estimate the variations

in B« from the DLOS phase measurements (Spilker Jr et al., 1996):

ﬁx(tk)=é%[k] PPt to) Pt

+ ﬁx (tx tp) Iﬁiono;D(tk) (4.10)

Here, the ionosphere delay for the direct signalﬁiono;D can be estimated using a linear combination
of dual-frequency carrier phase measurements (Spilker Jr et al., 1996)Note that there will be
some additional biases due to the direct signal carrier ambiguity and inér-frequency biases accrued
during estimation of Iﬂiono;D. However, only the dynamic phase components (not biases) impact
the performance of the lItering algorithm.

These above discussed approaches allows us to obtain tiaepriori phase model based on
post-processed satellite orbits, sea surface height (SSH) modeétc. After removing this model from
the unwrapped phase'\, the only remaining variable phase components are due to the ionosphere
troposphere, specular point modeling error (in this case, due to 3%A), and any other unmodeled
e ects, including cycle slips. We let ; denote this residual phase measurement for thé-th signal
frequency in meters:

MK = % MK () (4.11)

Expressing these measurement residuals in meters simpli es ounotation for the Iter in the next

section.
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4.4.2 Simultaneous Cycle-slip and Noise Filtering (SCANF)

We collect the phase residuals for the L1 and L2 signals into a measuremewector y:

T
yIkI= "Lk " L2lk] (4.12)

We also consider the state vectorx consisting of the Itered L1 and L2 phase residuals along with

the non-dispersive phase rate¢ ¢ (in m/s), mainly contributed by the unmodeled re ection surface

variations, tropospheric delay, etc., and the dispersive phase rate ; due to the ionospheric e ects

on L1 signal:
T
XK= k] k] 1 ok 1ol (4.13)
We model the measurements as:
y[k] = Hx [K]+ B[K] + v[K] (4.14)
where H is given by 2 3
100
H=3 Y. (4.15)
0100
-
and Bkl = | 1my1[k] omo[k] is an estimate of the sequence of biases due to cycle slips

with ; as the wavelength corresponding to the-th signal. For the measurement noise, we assume

v[k] N (0;RIK]) with covariance matrix R[k] given by:

2 3
2. [K] 0
guld ° g

0 EK

RIK] = (4.16)

Here, the time-dependent measurement variance of thé-th signal is based on instantaneous esti-
mates of the signal C/N, and the OL tracking integration time T (Kaplan & Hegarty, 2005):
!
1 1
211 =
Kl i 14+ — 4.17
Ik 2T CIN o;[K] 2T CIN ;K] ( )
Note that when the signal fades and C/N, becomes small, the variances ilR become large, which
means the model will tolerate larger deviations between the measurephase residuals iny and the

Itered phase in x.
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Using OL tracking outputs from the GNSS-R receiver aboard Spire's LEO atellites (Masters,

2019), C/N, can be estimated as:

| [K]? + QIKJ?

2
N;iT

CIN K] = (4.18)

where the integration time T = 0:02 seconds and ,%, is the power of the background noise. y,
I, and Q have the same unit of correlator counts (c.c.) in Spire's data produts. |y is signal-
dependent and has a value of 56 c.c. for the L1CA signal and 96 c.c. for the L2CLggial.

The next important aspect of the SCANF algorithm comes from the modeling ofthe phase

dynamics. The state vectorx is updated through the following discrete-time dynamics model:
X[k +1] = Ax [K] + wlk] (4.19)

where A is the state transition matrix:

2 3
10T T
O 1T T
00 1 O
0 0 0 1

= f2,=f2,, and w[k] is the dynamics noise vector with covariance matrixQ. Notice here how
scales the ionosphere phase rate for the second signal frequency. Asidem the impact of cycle
slips, the phase residuals™; and "> only have contributions from atmospheric and unmodeled

e ects. As such, we modelQ as:
2 3

T@+a) Fa+ a) S Hg
Ty gy e+ 2g) T2q T2 2

o- 3(%2 qi) 3(052 4) T T 2 .21
a LTV T 0
g L 0 Tg

wheregs represents the power spectral densities (PSD) of the frequegaoise caused by tropospheric
e ects and re ection from the sea surface, andg represents the ionospheric e ects on the L1 signal.

Heuristically, we choosegs =1 10 > m?=s®, andg =1 10 ° m?=s’. The important point here



69

is that the process noise variance is large enough to allow the lter to asily track atmospheric and
SSHA phase dynamics, but is also small enough to not easily track phase vations due to cycle
slips.

The last crucial aspect of the SCANF algorithm is the estimation of o sets due to cycle slips,

which happens just after the state time-step update:
X [k+1]= Ax T [K] (4.22)

Here we use and + superscripts to denote prior and posterior Kalman state estimates The prior
state estimatex [k] is used to nd the integer solutions m; [k] and m»[k] for minimizing the prior

measurement residual:
2 3

k
BIK] = g Lamea| ]g
Lomio[K]

=argmin jy[k] Hx [K] BIk]j (4.23)

When no cycle slip is occurring, the residualy [k] Hx [k] should be small andB [K] should remain
constant. When a cycle slip does occur and the measurements vary siently from the predicted
Itered state, the estimate of B[k] is updated to compensate for the bias introduced by the cycle
slip.

Aside from the discrete bias estimation, the algorithm proceeds withthe normal KF steps.

The state estimation covarianceP follows the nominal propagation step:
P [k+1]= AP *[KIAT + Q (4.24)

and x and P follow the standard Kalman update steps (Brown et al., 1992):

1

Klk]l=P [KHT HP [KIHT + R[K] (4.25)
x"[k]= x [K]1+ K[k](y[k] Hx [k] BIK]) (4.26)
P*Ik]=(1 KI[KH)P [K] (4.27)

The step-by-step procedure for this SCANF algorithm is outlined in Algorithm A.
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Algorithm A. SCANF
Input: "1, "2, C/N g1, CIN g5
Output: x *,P*
Initialization:
k 1
x*lk 1] "ol "] 0 o'
P*lk 1] PJ[0]
while k length(" 1) do
Prediction:
x [k] Ax*[k 1]
P k] AP*k 1AT+Q
Bias Estimation:
Find myy;m2 2 72

that minimizes j y[k] Hx [k] BIK]]
T

for Bk]= Lamu  2mee
Update:
KIk] P [KHT(HP [KHT + R[K]) ?
x"[k]  x [KI+ K[KI(y[kl x [K] BIK])
P*Ik] (I KIkJH)P [K]
k k+1

4.4.3 Moving-window Cycle Slip Correction

Geooptics Inc. launched the CICERO constellation of LEO satellites,in 2018, for GNSS
atmospheric RO observation. CICERO data processing uses a simple ethod to correct the cycle
slips in the phase measurement for total electron content (TEC) obseration, i.e., if the phase
measurement jumps more than 2 TEC units in a single second, all valueafter the jump are adjusted
by a constant bias to erase the jump (GeoOptics, Inc., 2020). In this chager, we implement
a moving-window cycle slip correction method, as a modi ed form of he CICERO method, for
coherent GNSS-R phase measurement and as comparison with the SCANF mettio The details
are as follows.

The moving-window cycle slip correction is applied to the unwrapped phase measurements
™ with a moving window of 0.1 second (considering a 50 Hz data rate). The L1 and L2 phase
measurements are processed separately. If the phase measurememhps more than 0.8 wavelength

within a window, a cycle slip is identied and is corrected by removing an integer number of
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wavelengths from all values after the jump. The step-by-step proedure for this moving-window

cycle slip correction algorithm is outlined in Algorithm B.

Algorithm B. Moving-window Cycle Slip Correction
Input.
Output: MW
k 1
while k length() do
if k< 6then
mw Kl [ K]
else
while ([ k] [k 5)< 08 do
[ k:end] [ k:end]+
end while
while ([ k] [k 5])>08 do
[ k:end] [ k:end]
end while
end if
k k+1
end while
MW

4.5 Validation and Results

To demonstrate the performance of the proposed SCANF method, we presetwo examples
of processing coherent GPS re ections from Spire's GNSS-R data thabccurred over Hudson Bay
and the Java Sea. We provide validation using retrievals of the SSHA, with we outline in the next
subsection. We also provide an analysis of the sensitivity of the SCANFRalgorithm to the phase

noise modelQ.

45.1 SSHA Retrieval

According to the procedures outlined in Section 4.4.2, the rst two cmponents of x* [K]
are the Itered phase measurements containing only atmospheric, SSHAand small unmodeled
components, as well as some unknown biases. The SSHA describes dewias of the actual sea

surface height from the MSS and tide models at the specular point. In aler to obtain phase
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variation due to the SSHA, the ionospheric and tropospheric errors must b removed.

First, the ionosphere-free combination of the ltered L1 and L2 phase masurements is used
to eliminate the ionosphere variation. Next, we compute the tropospheic delay Iﬁtmpo;R based on
the Global Pressure and Temperature 3 (GPT3) model and Vienna Mappingrunctions 3 (VMF3)
(Landskron & Behm, 2018). In addition, we use a least-squares grid search tee ne the tropospheric
delay model. We assume the zenith total delay (ZTD) error, denotedas opo , Of the GPT3 model
to be within 10 (cm) (Ding & Chen, 2020) and nd the value at a step of 0.2 (mm) that minimi zes
the RMS of the residual phase after ionospheric and troposphere correéons (here, we denote it as

). The least-square grid search can also be represented as:

X t 2
tropo = argmin kzl( ( k) m

)2 (4.28)

where N is the total number of carrier phase measurement samples. Finally, waave the SSHA

phase variations isolated:

st = (1) oo (4.29)

Then, the estimated SSHA H (to within some bias) can be obtained using the following relation:

ssHa(tk) = H(tk)2sin( (tk)) (4.30)

where is the elevation angle of the GNSS satellite at the specular point (Mashbrn et al., 2018;
Semmling et al., 2016). Note that while there is an unestimated bias in theSSHA retrieval (due to
unestimated carrier ambiguities), we only use the variation due to S8A in order to validate the

processing.

45.2 Hudson Bay Example

The rst example is sea ice altimetry over Hudson Bay. Re ections of GPS signals were
recorded by Spire's #90 LEO satellite starting at 02:11:35 UT on 2019-02-08. At that time, the
Hudson Bay was frozen-over. Figure 4.3 shows the specular point (SPYydck for this re ection,

during which the elevation angle at the SP decreased from 18.6to 13.1 .
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Figure 4.3: Specular point track of GPS PRN #30 signal re ected over HudsonBay, recorded by
Spire's #090 LEO satellite, starting from UTC 02:11:35 on February 8", 2019.

The top plot in Figure 4.4 shows re ected signal C/Ng (in dB-Hz) for both L1 (blue) and L2
signals (red), and the bottom plot shows the measured carrier phasé as obtained from (4.11),
without any ltering. It should be noted that, in order to show the phas e variations, the estimated
troposphere delay Iﬁtho,R has been removed from”in the bottom plot. Again, these phase
measurements consist of contributions from SSHA, ionospheric and tropos$ric e ects, and noise.
However, due to the low C/N, and signal amplitude fades, numerous cycle slips are observed with
accumulation of up to 3 meters of error over the 120-second segment.

Figure 4.5 demonstrates the results of applying the cycle slip corion and ltering methods
to the carrier phase data. The top plot shows the carrier phase outputsrom the moving-window
cycle clip correction approach (denoted as uw ). Comparing against the bottom plot in Figure
4.4, we observe that most of the cycle slips have been corrected. Hoveeya few of them still remain
and cause a bias up to 0.7 meters. In the bottom plot, the carrier phase oputs from the SCANF
approach (denoted as scane) do not have any cycle slips and are shown as solid lines.

The moving-window cycle slip correction approach does not reduce nsé in the phase mea-
surements; therefore, a moving-average Iter over 0.4 seconds is pfied to yuw. The ltered L1
and L2 phases are further processed for ionospheric/troposphere corttgan and SSHA retrieval. As

shown in Figure 4.6, the retrieved SSH using scane iS consistent with the MSS and tide models
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Figure 4.4:. C/Ng (top plot) and unwrapped carrier phase (bottom plot) of OL tracking PRN #30
GPS-R Signal, re ected over Hudson Bay.

Figure 4.5: Processed carrier phase of OL tracking PRN #30 GPS-R Signake ected over Hudson
Bay. Blue lines represent L1 phase, and red lines represent L2 phasThe top plot shows the phase
obtained from the moving-window cycle slip correction (denoted as mw ), and the bottom plot
shows the phase obtained from the SCANF method (denoted as scank )-
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and have centimeter-level precision, while the retrievals usig the un Itered/uncorrected "“and

mw have large errors and changing biases.

Figure 4.6: Retrieved SSH (left plot) and SSHA (right plot) of the Hudson Bay GPS-R event. The
black curve represents the SSH model, the solid red lines and dat blue lines represent retrieved
SSH and SSHA using scane and ltered  yw, respectively.

4.5.3 Java Sea Example

The second example is of re ected GPS signals over the Java Sea. Thget of data was
recorded by Spire's #086 LEO satellite, starting at 01:52:44 UT on 2019-01-10. Figure 4.shows
the SP track for the duration of the event, during which the elevation angle at the SP decreased
from 20.0 to 15.1 .

Figure 4.8 shows the C/N, (top) and un ltered carrier phase (bottom), similar to Figure 4.4.
In the bottom plot, numerous cycle slips are observed in both L1 and L2 calier phase measurements
due to the low C/N g and signal amplitude fades, especially in the segment from 0 to 55 secosd

Figure 4.9 shows the corrected/ Itered L1 and L2 carrier phase from both agproaches, i.e.
the moving-window cycle slips correction approach and the SCANF approachThis example once
again demonstrates the performance of the proposed SCANF method, and furtr validates it using

the retrieved SSH ans SSHA in Figure 4.10. Same as the Hudson Bay examplep®ving-average
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Figure 4.7: Specular point track of GPS PRN #15 signals re ected over Jaa Sea, recorded by
Spire's #086 LEO satellite, starting from UTC 01:52:44 on January 10", 2019.

Figure 4.8. C/Ng (top plot) and unwrapped carrier phase (bottom plot) from OL tracking PRN
#15 GPS Signal re ected over Java Sea.

Iter over 0.4 seconds was applied to pw . Note that any un Itered cycle slips would appear as

large errors ¢ 0.3 m) in the retrieved SSH and SSHA.
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Figure 4.9: Processed carrier phase of OL tracking PRN #15 GPS-R Signalte ected over Java
Sea. Blue lines represent L1 phase, and red lines represent L2 phadehe top plot shows the phase
obtained from the moving-window cycle slip correction (denoted as mw ), and the bottom plot

shows the phase obtained from the SCANF method (denoted as scanr )-

Figure 4.10: Retrieved SSH (left plot) and SSHA (right plot) of the Java Sea GPS-R event. The
black curve represents the SSH model, the solid red lines and dat blue lines represent retrieved

SSH and SSHA using scane, Itered mw, respectively.
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45.4 Sensitivity to Phase Noise Variance Model

The SCANF performance is dependent on the tuning parameters, i.e. t@ process noise
matrix Q and measurement noiséR of the KF. The C/N g-based measurement noise model is well
established in (Kaplan & Hegarty, 2005) and has been a standard strategy for tumig the KF-based
tracking loops. To assess the sensitivity of the SCANF performance tohe process noise model, we
applied scaled process noise covariandg in (4.19), i.e., 10 Q, 0:1 Q, 0:01 Q, and G:001 Q, to

the KF. The Itered carrier phase using these ve process noise matrices are shown in Figure 4.11.

Figure 4.11: Comparison of residual phase measurements from SCANF outputs ing various phase
noise variance matrices: (a) L1 residual phase; (b) L2 residual phase.

The left plot shows the Itered L1 carrier phase, and the right plot shows the Itered L2
carrier phase. We see that increasing the phase noise covariance to IQ leads to obvious cycle slip
in both the L1 & L2 carrier phase at around 45 seconds. However, if the covaaince values are too
small, e.g. Q001 Q, the Iter may fail to converge to the correct values or require very accurate
initial guesses of the state vector and error variance matrix. We do seehtat the results using Q,
0:1 Q and 0:01 Q provide similar satisfactory results, which indicates that the |ter has some

tolerance in the process noise modelling.
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4.6 Error Analysis and Discussion

This section discusses the impact of the error terms in the GNSS-Residual phase delay
measurements and the RMS of the SSHA retrievals. Quantitative estimtes of some error terms are
presented in Table 4.1, and they represent the impacts on the absolutphase delay measurements,

i.e. without subtracting a bias or trend to t the SSH model. They ar e multiplied by a factor of

1=(2sin( )) in order to represent the impact on the SSH retrieval, as illustrated by (4.30).

Table 4.1: Estimated error contributions from individual terms in phase delay measurements

Error Term Magnitude Comment
GPS orbit 3cm (1) Based on (Dow et al., 2009)
Spire orbit < 10 cm Based on User Documentation
(Masters, 2019)
Troposphere 10 cm (1) for 90 El. The ZTD estimated

20 cm (1) for 30 EL
58 cm (1) for 10 EL

by GPT3 has a
global average RMSE of 5 cm
(Ding & Chen, 2020)

Higher-order 2cm (1) Based on (Morton et al., 2009)
lonosphere
Antenna phase < 3cm Referring to GRACE-B POD
center antenna (Montenbruck et al.,
variations 2009)

Tracking error

0.15cm (1) for 40 dB-Hz C/N ¢
0.48 cm (1) for 30 dB-Hz C/N ¢
1.69 cm (1) for 20 dB-Hz C/N ¢

RMSE of the OL tracking phase
noise (post-processing
noise Itering not considered)

Total Phase
Delay Error

Up to meter level

The majority of this total phase
error is eliminated when
retrieving the relative sea level

It is likely that the troposphere delay error is the most signi cant c ontributor and itself is

related to the elevation angle with a factor of 1=sin( ). In addition, it is doubled as the re ected

signal travels through the troposphere twice. In this chapter we hae used the GPT3 model for
an initial troposphere correction. As assessed in (Ding & Chen, 2020), th&TD estimated from
GPT3 has a global average RMSE of 5 cm, which has signi cant impacts on the residual phase
delay and SSH retrieval when the elevation angle is low as shown in Figa 4.12. As illustrated by
(4.28) and (4.29), we have done a grid search for the least-squares ZTD error tfe GPT3 model,

which could eliminate the majority of the troposphere delay error in the residual phase delay and
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SSH retrieval. However, there is still some of the troposphere redual error that remains as the

ZTD error could have variations along the SP track, which is usually of hundreds of kilometers.

Figure 4.12: Impact of 5-cm zenith total delay error on the residual phase andea surface height
retrieval for various elevation angles4: (a) residual phase error; (b) sesurface height retrieval error.

Error terms of the orbit, higher-order ionosphere e ects, antenna ptase center variations,
and signal tracking errors, as presented in Table 4.1. Other error termsuch as the alignment of
phase measurement to code measurement, the di erential code biagtc., only have impacts on
the absolute SSH retrieval. The SP location, if predicted in real-tme based on an approximated
guasi-spherical Earth model, may cause 15 m error to the delay model (Mashburn et al., 2018).
In this chapter, we follow the iterative approach in (Wu et al., 1997) that adjusts the SP until the
incident and re ecting angles agree to within 0.001 while also constraining the SP height to be the
SSH model. Using this approach, the SP estimation error is mainly dued the sea surface slopes,
which have impacts on the SSH retrieval on the order of 1 centimeter oftess (Sandwell & Smith,
2014).

Since in this chapter we only consider retrieving the relative SEIA, the majority of the above
errors can be eliminated by subtracting a constant bias from the residal phase delay measurement.
The residual error after this bias subtraction should be rather small pn the order of centimeters or

less) and di cult to be analyzed theoretically. Therefore, we have processed 18 datasets of coherent
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re ections over sea ice and ocean and statistically analyzed the reieved SSH as compared with the
SSH model. The SP tracks of the selected coherent re ection evestare shown in Figure 4.13, which
lie over the Arctic ice cap, Hudson bay (frozen), and the ocean surfaceear the equator. More
details of these re ection events are summarized in Table 4.2, incluithg surface type, duration,

elevation angle, estimated ZTD bias for the GPT3 model, and the RMS of tle SSHA retrieval

relative to the DTU18 MSS and TPXO8 ocean tide models. We observe thathe SSHA retrieval

over sea ice have small RMS of several centimeters, and over oceaater surfaces it can be slighter
larger (up to 26.31 cm). These observations are consistent with (Nguyen edl., 2020; Cardellach
et al., 2019). In addition, the estimated ZTD biases are in a reasonable range assessed in (Ding
& Chen, 2020). The processing of Track #10 and #16 have been presented isection 4.5.2 and
4.5.3, respectively. The SSHA retrievals of the remaining 16 coherente ection events are shown

in Figure 4.14.

Figure 4.13: Specular point tracks of selected 18 coherent re ection ews.



Figure 4.14: SSHA retrievals of selected 18 coherent re ection events.

82
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Table 4.2: Summary of SSHA retrievals for the selected coherent re eavbn examples

Track Surface | Duration | EL () ZTD Caotr. RMS
# (s) (cm) (cm)
1 ice 85 14 - 18 -2.30 5.94
2 ice 80 16 - 20 3.12 7.41
3 ice 75 17 - 20 6.80 7.14
4 ice 93 5-9 -0.60 8.49
5 ice 148 10 - 17 7.84 3.48
6 ice 70 17 - 20 0.80 4.01
7 ice 100 12 - 17 -6.54 8.15
8 ice 112 9-14 2.78 6.15
9 ice 140 13-20 3.90 3.44
10 ice 120 13-19 -7.48 7.06
11 ice 115 15-20 -1.54 3.37
12 ice 140 11 - 17 4.34 6.32
13 ice 94 14 - 18 -10.00 4.56
14 ice 200 9-17 0.98 6.71
15 ice 180 9-16 -4.70 4.17
16 water 100 15-20 6.16 8.72
17 water 60 12 - 14 6.12 10.17
18 water 200 7-16 -2.46 26.31

4.7 Conclusion

This chapter proposes the SCANF method for Itering coherent GNSS-R arrier phase mea-
surements recorded by OL tracking. We applied this method to real GNSS-R carrier phase data
recorded by an OL GNSS receiver on board Spire's LEO satellites. For thexamples we consider
in this study, the SCANF method manages to eliminate all cycle slips wile also reducing phase
measurement noise. Subsequently, we demonstrated how the Ited measurements can be used
for viable carrier-phase-based SSH and SSHA retrievals, which would berwise have been severely
hindered by errors due to cycle slips.

The most signi cant innovation of the SCANF method over other cycle slip removal tech-
niques is its use of signal amplitude (SNR) measurements. While tlsi method is intended for
measurement post-processing, it is sequential and can therefore apge e ciently in real time.
Moreover, this method can be further modi ed in order to apply it t o single and multiple-frequency
measurements. Clearly there are aspects of the proposed method and iaipplication that can be

improved. The process noise model in the lter can be re ned and alidated over a larger set of re-
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ection examples. The model can also be adapted to consider the mulpiath uctuations associated
with ionosphere/troposphere scintillation. Moreover, a better calibration of the SNR measurements
based on the antenna gain pattern may also be helpful to avoid inconsisnt performance.

It should be noted that there are other applications where cycle slip Itering can be useful.
For instance, the SCANF method can also be applied during GNSS RO data frcessing for TEC and
atmosphere observation. In these cases, ionosphere and tropospherengiiation can cause cycle
slips that are the dominant source of error in estimating TEC and lower roposphere parameters
such as temperature, pressure, humidity, etc. It will be important to study the characteristics of
scintillation e ects on OL tracking carrier phase measurements and he cycle slip Itering algorithm

performance under such circumstances.
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Chapter 5

lonospheric Total Electron Content and Disturbance Observations From

Space-Borne Coherent GNSS-R Measurements

This chapter is adapted from the following papers:

Wang, Y., & Morton, Y. J. (2021). lonospheric Total Electron Content and Disturb ance Observa-
tions From Space-Borne Coherent GNSS-R MeasurementsEEE Transactions on Geoscience and
Remote Sensingearly access, doi: 10.1109/TGRS.2021.3093328.

Wang, Y., & Morton, Y. J. (2021). Spaceborne GNSS-R for High Latitude lonosphere TECDis-
turbance Observations. 2021 Specialist Meeting on Re ectometry using GNSS and other Signsilof
Opportunity (GNSS+R 2021).

51 Abstract

In this chapter, we investigate coherent GNSS re ectometry (GNSS-R measurements ob-
tained at the low Earth orbits (LEO) as a potential new data source for ionosgheric total electron
content (TEC) and ionospheric disturbance observations. Current glotal ionospheric TEC maps
(GIM) have limited spatial and temporal resolutions and accuracy due tolack of GNSS observa-
tions over oceans, polar caps, and inaccessible terrains. Our analysi$ Spire Global's CubeSat
data indicates that coherent GNSS signals re ected o sea ice, inland \ater bodies, and calm ocean
surface can be processed to achieve cm-level precision carriergsie estimations. Signal coherency
is especially prevalent over sea ice where 41.7% re ections are coket, compared to 4.3% in the
overall data set. This chapter presents the methodology to estimateslant TEC along the re ection
signal ray path using coherent dual-frequency GNSS-R pseudoranage andrcier phase estimations
obtained from low-cost CubeSats. The methodology is applied to Spire Bbal's CubeSat data.

The results show that the slant TEC retrieved from GNSS-R measurerents and from GIM follow
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a similar trend. Moreover, the GNSS-R based TEC time series o er a early \frozen in time"
observation of the ionospheric structures due to the rapid scan veldty of GNSS-R rays across the
ionosphere. The study demonstrates the potential of GNSS-R observatianto Il the data gaps
over the polar regions where space weather activities and TEC disturbnces are most frequent and

intense. Potential error sources and mitigation techniques are also dtussed.

5.2 Introduction

The ionosphere is part of the Earth's upper atmosphere that lies about 80 ik to 1500 km
above the Earth. The atoms and molecules in the ionosphere are ionized nmdy by solar radiation to
create a weak plasma which a ects the propagation of radio waves (Davies,990), such as in global
navigation satellite system (GNSS) and satellite communication. The onosphere causes group
delay and phase advance of GNSS signals and leads to signi cant errors in rangeeasurements
and position, velocity, and timing (PVT) solutions. Moreover, when a GNSS signal travels through
plasma disturbances or irregularities, it experiences scatterig and diraction, resulting in the
signal amplitude and carrier phase uctuation, which are also known as iospheric scintillation.
lonospheric scintillation may cause additional range measurement and PVTerrors and even loss of
lock of signals (Morton et al., 2020).

GNSS receivers have been the main contributors to monitor ionospheritotal electron content
(TEC) and plasma disturbances (Wilson et al., 1992; Herrandez-Pajares eal., 2009). Despite the
progress made in recent decades, current TEC maps remain limited ispatial resolution, update
rate, and accuracy, mainly due to the sparsity of GNSS receivers overogans and inaccessible
terrains. Over polar caps, GNSS satellite orbit inclination angle further restricts visibility of GNSS
satellites (Reid et al., 2020). Several studies involving other data sages such as GNSS radio
occultation (RO), satellite altimetry, Very Long Baseline Interfe rometry (VLBI), DORIS (Doppler
Orbitography and Radiopositioning Integrated by Satellite), etc., demonstrated improved accuracy
in TEC mapping (Todorova et al., 2008; Dettmering et al., 2011; Alizadeh et al, 2011; Yao et

al., 2018). However, it remains a signi cant challenge to Il the data gaps. For example, TEC
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observations from satellite altimeters are too sparse and infrequent In (Todorova et al., 2008),
integrating Jason-1 and TOPEX/Poseidon observations only leads to up to 0.4 EC unit (TECU, 1
TECU =1 10 electron/m?) di erences in a small region compared with the GNSS-only vertical
TEC map, and the altimeters also have biases and tend to overestimat&EC (Brunini et al.,
2005). The VLBI observations are also ground-based and only available for regions #t are close
to VLBI sites, which often co-exist with GNSS receiver monitoring stations and therefore o er
limited improvement in data coverage. The TEC retrieved from GNSS RO has poor horizontal
resolution due to the occultation geometry, and the horizontal in-homogeity of electron density
in the occultation region can cause large errors in the retrievals (Schainer et al., 1999; Mannucci
et al., 2020).

In this chapter, we investigate the potential of space-borne coherentGNSS re ectometry
(GNSS-R) measurements as a new data source for ionospheric TEC and plaandisturbance ob-
servation, and demonstrate its feasibility and accuracy with real GNSSR data recorded by Spire
Global Inc.'s LEMUR-2 CubeSats (Jales et al., 2020). Using Earth surface reected GPS signals to
estimate ionospheric TEC and integrating it into the global ionospheric model was proposed more
than two decades ago in (Katzberg & Garrison, 1996; Born et al., 1997). However, th TEC was
estimated from dual-frequency GPS pseudorange measurements with eter-level accuracy, which
translates to large TEC estimation errors. More recent work suggested tat the S4 index derived
from space-borne GNSS-R delay Doppler maps (DDM) can be used to detemnospheric distur-
bances (Molina & Camps, 2020), but the DDMs do not contain su cient inform ation to observe the
TEC variations. Recent research has shown that space-borne GNSS re &#on signals may contain
su cient coherent power when re ected over sea ice, calm waters and even moist land surface.
The carrier phases of the GNSS-R signals can be processed to achievetoreter-level ranging
precision (Li et al., 2017; Cardellach et al., 2019; Y. Wang & Morton, 2021a). With dual-fequency
carrier phase and pseudorange measurements, the slant TEC along the rection signal path can
be precisely estimated and utilized for high-resolution, high-preision TEC mapping. Because the

GNSS-R receiver can operate on low-cost CubeSats and each CubeSat maygewe multiple re-
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ections simultaneously, it is possible to have a constellation of CieSats to provide dense and
frequent TEC observations.

Another signi cant advantage of the space-borne GNSS-R measurements is @uto the rapid
movement of a LEO satellite. The GNSS signal has a rapid scan velocity aoss the ionosphere
to o er a "frozen in time" view of ionospheric structures. Such view allows the observation of
ionospheric spatial distributions of disturbance structures without the entanglement with the time
evolution, which is the case for ground-based GNSS receivers obsenatis due to the relatively
slow motion of GNSS satellites in medium Earth orbits (MEO).

A signi cant constraint of GNSS-R TEC observation is its dependence on he coherency of
the re ected GNSS signals. Our analysis of grazing-angle GNSS-R data colled by Spire Global
CubeSats from January to April 2019 shows that about 41.7% of the sea ice re e@ins and 1.3% of
the ocean water re ections are coherent. The data was only collected fare ections over oceans and
sea ice and the elevation angles of the incident GNSS rays are betweent® 30 . Section 5.7 has a
detailed discussion on the data. A more in-depth study further revaled that 75% of the re ections
over rst year ice in the Arctic are coherent (Roesler et al., 2021). Simwe the polar regions are
mostly covered with ice throughout the year and new ice is formed each inter, this technique has
the potential to generate high resolution, high update rate, and high accuacy regional ionospheric
TEC maps in areas where space weather activities are most intense andefjuent, and where many
complex processes play important roles in the creation and evolution dhe ionospheric disturbances.
It can also augment existing ground-based TEC observations in low and midle latitude regions
when coherent re ections are available from calm waters and moist soil (YWang & Morton, 2021a;
Collett, Wang, et al., 2020).

The rest of this chapter is organized as follows. Section 5.3 describ#te Spire Global GNSS-R
data used as case studies in this project. Section 5.4 presents tletailed data processing and TEC
retrieval methods. Section 5.5 presents experimental results ahe slant TEC observations from
coherent GNSS-R and the comparisons with results derived from the Q. Section 5.7 analyzes

the occurrence of coherent re ections based on analysis of 3 months $gpiGlobal data. Finally, in
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Section 5.8 we summarize the work in this chapter and discuss the liitations of the LEMUR-2

GNSS-R data and improvements for future experiments.

5.3 Spire Global GNSS-R Data

Current GNSS-R missions, such as TechDemoSat-1 (TDS-1) (Foti et al.2015) and Cyclone
GNSS (CYGNSS) (Ruf et al., 2018), mainly focus on retrieving wind speed wer ocean using scat-
tered GNSS signals. At the time of this writing, Spire Global's LEMUR-2 is the only constellation
that has the capability to routinely generate a large amount of high-rate GNSSR carrier phase.
The Spire constellation includes more than 50 GNSS-RO CubeSats that ane-purposed to perform
GNSS-R measurements covering all latitudes of the globe, includinthe poles. These CubeSats are
equipped with dual-frequency GNSS-R capabilities and can be programed while in orbit. This
section describes Spire Global's LEMUR-2 GNSS-R data that are used irhis study to demonstrate
the ionospheric TEC observations.

The LEMUR-2 satellites, as shown in Figure 5.1, are 3U CubeSats carryinghree antennas:
the POD antenna, a front and a back Right Hand Circular Polarized (RHCP) RO antenna. Their
orbit heights range from 400 to 600 km. Some of the LEMUR-2 CubeSats are adapted treceive
re ected GPS L1 C/A and L2 civilian signals at low grazing angles with elevations between 5 and
30 through one of the RO antennas facing towards the Earth's limb (Masters &Nguyen, 2020).
Each LEMUR-2 CubeSat only processes one set of direct line-of-sight (0DS) and re ected signals
at a time.

Both the DLOS and re ected GPS signals received by one of the RO antennaare processed
in the open loop (OL) tracking mode. Detailed descriptions of the stamlard OL tracking for RO
signals can be found in (Sokolovskiy, 2001; Ao et al., 2009). An OL tracking algorithnmgenerates a
local carrier signal replica based on a priori phase model. This phaseadel is correlated with the
received baseband signal. The correlator outputs are used to estimaténé carrier phase di erence
between the received the signal and the local replica. This phase éirence, also referred to as

phase residual, is added to the phase model to yield the carrier phasestimation. For the Spire
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Figure 5.1: LEMUR-2 3U CubeSat carrying a POD antenna, a front and a back RO anenna
(Masters & Nguyen, 2020).

LEMUR-2 CubeSats, the OL tracking outputs 50 Hz In-phase (I) and Quadrature (Q) correlations
for early-prompt-late (E-P-L) GPS pseudo-random code (PRN) sequencg i.e., IE, QE, IP, QP,
IL, and QL for GPS L1 C/A and L2 CL signals. These correlator outputs are time stamped. Their
corresponding pseudorange models, €onsisting of the geometric range between the GNSS and
LEO satellites and their clock biases, are also available.

Also provided in the LEMUR-2 grazing-angle GNSS-R data products are preise orbits with
10 cm accuracy, DLOS signal pseudorange and carrier phase measurements frtime precise orbit
determination (POD) receiver (denoted aslﬂD;i and ’\D;i, respectively) in the RINEX format, and
CubeSat attitude data, all at 1 Hz rate. The LEMUR-2 grazing-angle GNSS-R data pioducts have
demonstrated centimeter-precision phase-delay altimetry overocean and sea ice (Nguyen et al.,

2020; Y. Wang et al., 2021).

54 GNSS-R lonospheric TEC Retrieval Methodology

This section provides a detailed description of the methodology and mcesses developed to
retrieve ionospheric slant TEC from GNSS-R measurements. While tk approaches presented in

this section is generally applicable to LEO satellite-based GNSS-R, & will point out treatments
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that are speci c to the Spire CubeSat data. A high-level illustration of TEC contribution to GNSS-
R measurements is shown in Figure 5.2. The GNSS signal is re ected byhe Earth surface at the
specular point (SP) and received by a LEO satellite in the ionosphere The slant TEC along the
re ection path ( sTECR) includes contributions from the incident ray (STEC1) and the re ection
ray (STEC,):

STECL = sTEC) + sTEC, (5.1)

where superscriptj represents thej " GNSS satellite. Also illustrated in Figure 5.2 are the iono-
spheric piercing points (IPP), for both incident and re ection rays. In this chapter, we consider
an IPP height of 350 km (Rama Rao et al., 2006). For a typical space borne GNSS-R stgn, the
LEO satellite is equipped with a zenith antenna which receives ROS signals for POD and one or
more GNSS-R antennas to receive re ection signals. The DLOS signals canebused to estimate
ionospheric TEC above the orbit height (STECp) and aid the estimation of the receiver di erential

code bias (DCB) which will be discussed in detail in Section 5.4.4.

Figure 5.2: lllustrations of GNSS-R ray paths, associated slant TECs andPPs, and SP.

Figure 5.3 is a block diagram that summarizes the processes involved ithe GNSS-R-based
TEC estimation and validation. These processes can be divided intohree categories: DLOS and

re ection signal processing on-board the CubeSat, re ection signal sint TEC estimation, and
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validation. Section 5.3 described the DLOS and re ection signal data praucts generated by the
Spire Global LEMUR-2 CubeSats. In this section, we shall focus on thesimation of sTECg, the
slant TEC along the re ection signal path. Case study results and validaton against IGS Global

lonosphere Map (GIM) product will be discussed in Section 5.5.

Figure 5.3: Block diagram of the GNSS-R-based measurement, TEC estimain and validation.

The sTECR estimation starts with the calculation of signal-to-noise (SNR) ratio, pseudor-
ange, and carrier phase for dual-frequency re ection signals based on | an@ channel correlator
outputs generated by the CubeSat GNSS-R receiver OL tracking. The dsnated carrier phases
are linked to relative range measurement time series through an unwrggng process. A lter is
then applied to correct discontinuities, also referred to as cya@ slips, in the unwrapped carrier
phase measurements. ThaTECg is obtained by di erencing the corrected dual-frequency carrier
phase estimations. However, the di erencing operation results in @CB term being included in the
STECR estimation. This DCB term is estimated using the DLOS signal receied by the GNSS-R
antenna. In addition, the carrier phase measurements also contain an amduity bias relative to

the pseudorange measurements. The ambiguity bias is mitigated using kveling process between
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the pseudorange and carrier phase measurements. The following sulbiens will present detailed

discussions for each step of the processing.

54.1 SNR, Pseudorange, and Carrier Phase Estimation

The GNSS-R receiver on-board the Spire Global CubeSat performs OL trding which gen-
erates | and Q channel correlator outputs, as described in Section 5.3. ®se correlator outputs
are used to derive the the SNR, pseudorange, and carrier phase estimatis through the following

parameters (Masters & Nguyen, 2020):

q 0_
IPR;i2 + QPR;i2 FS
SNRg; = .
IDN;i
L g
05 ( IEr;®+ QEg;® ILr;i?+ QLg;?)
i = 4 (5.3)
IER?i2+ QER;i2 + “—R;i2+ QLR;iZ
"Ri = arctan2(QPg; DZR:i? IPr;i Dr;i) i 5

where Fs is the sampling rate which is 50 Hz for LEMUR-2 GNSS-R data.Py; is the noise power
and treated as a constant for each GNSS signal tracked.Pg; is raw excess pseudorange estimation
which is the di erence between the actual signal pseudorange and theange model used in the OL
tracking. ; is the PRN code chip width. ’\R;i is the estimation of the fractional part of excess
carrier phase and contains a bias of integer cycleD R is the navigation data bits. For the dataless
L2 CL signal, Dg:» is simply a sequence of 1's.

The re ected signal pseudorange and carrier phase can be represented as

|§R9||‘ =~rt IﬁR;i (5.5)
"Ri=~rt Trit INSS (5.6)

where the superscript OL is used to distinguish the OL tracking measurements from the POD

receiver measurements.N S\ is a sequence of integers which are estimated and used to link the
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phase samples AR;i into a time series through the phase unwrapping process discussen the
subsection below. The DLOS signal entering the GNSS-R antenna can hieeated in a similar way

to obtain PSF and "§k.

5.4.2 Carrier Phase Unwrapping and Cycle Slip Correction

The coherent GNSS-R signal SNR is relatively low compared to that of the LOS signal and
to typical carrier tracking outputs of ground-based receivers with open-sky views. There are also
large signal amplitude uctuations due to non-coherent scattering sigral entering the antenna. This
imposes a great challenge to link the raw measurements of residual plms'\R;i from OL tracking,
i.e., to estimate the integer sequence olNS;'i- in Equation (5.6).

Following the standard phase unwrapping process for GNSS RO signal puessing,NF?;'i- is
estimated by minimizing the di erence between two consecutie phase samples (Sokolovskiy et al.,
2009):

NRr[k+1] =argmin  “grilk+1]+ n  “grilk]  INRV[K] (5.7)

n2z

However, this approach may have numerous mis-estimations iriNF?;'i- which leads to cycle slips,

especially during signal amplitude fading.

An example is shown in Figure 5.4 using the re ected GPS PRN 12 signalrbm a dataset
recorded over the Kara Sea (part of the Arctic Ocean north of Siberia) byLEMUR-2 #90 CubeSat
at UTC 06:24:16, on February 29, 2019. The top and middle plots show the SNR and unwrapped

A% (labelled as’\gg-i ~r based on Equation 5.6), respectively, for both the L1 and L2 signals. The
SNR shows large uctuations of up to 15 dB fading, which resulted in cycé slips in the unwrapped

AS';-l and “g}z. The unwrapped carrier phase in the middle plot spans a 14 m range variation
which includes contributions from accumulated cycle slips and sigal dynamics deviation from the
~r model. The cycle slip is more obvious from the bottom plot which is thedi erence between L2
and L1 phase range measurements’\(g;L2 ’\S;Ll). In the bottom plot, the signal dynamics deviation
from the pseudorange model is mostly cancelled out, leaving only someriospheric e ects and cycle

slips from both L1 and L2 estimations. The plot shows that the cycle slig will cause up to 2
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m error in “Q% QL If left uncorrected, this magnitude of cycle slip errors will result in 19

TECU error in TEC estimation.

Figure 5.4: C/Ng estimates (top plot), unwrapped residual phase in radians (middle pbt), and
di erence between L1 and L2 residual phase (bottom plot) of PRN 12 GPS Sigal re ected over
the Kara Sea (part of the Arctic Ocean north of Siberia), recorded by LEMUR-2 #90 CubeSat,
starting from UTC 06:24:16 on February 29, 2019.

To correct the cycle slips, we apply the Simultaneous Cycle slip Ad Noise Filtering (SCANF)
method as documented in (Y. Wang et al., 2021). With the SCANF method, the rst step is to
model and remove most of the dynamics from %. This is accomplished by regenerating the
range model based on post-processed GNSS and LEO satellite orbits, morecacate sea surface

height over which the signal is re ected, and troposphere delay modls:
TP Pspit ity Puitox B+ T (5.8)

where the GNSS satellite positionfy, and clock biasf, are obtained from 1GS's GNSS nal orbit

product, the LEO satellite position £ is obtained from LEMUR-2 POD data products, the receiver
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clock biasfiy is estimated from the DLOS phase measurements, the SP positiofy, is estimated
based on the DTU18 mean sea surface (MSS) (Andersen et al., 2018) and TPXOS8 ean tide
models (Egbert & Erofeeva, 2002), and the troposphere deIaﬁT) is estimated by the GPT-3
model and VMF-3 mapping function (Landskron & Behm, 2018). The main contrib utors to the
signal dynamics residual are the ionospheric phase advance and variations thfe re ection surface
height.

The residual phase with reduced signal dynamics for the re ection gnal can be obtained by:

AOL _ AOL
Rii Ri RT'R (5.9)

This process is applied to both L1 and L2 measurements and the resultare used as inputs to

SCANF:
[ "B, "RPMNF= fscane ("R "R SNRR.1; SNRg:2) (5.10)

The SCANF algorithm implements a Kalman lter (KF) to estimate and miti gate integer-cycle
biases and reduce the measurement noise. Readers interested iretdesign and implementation of
SCANF should refer to (Y. Wang et al., 2021). The carrier phase measurementwith corrected or

reduced cycle slips are obtained as:

NSCANF _ N SCANF
Ri - ="R*T R (5.11)

Figure 5.5 shows the un ltered versus Itered carrier phase estinations. The top plot shows
the L1 and L2 residual phase after dynamics reduction, and the bottom plot kows the di erence
between the L1 and L2 phase. The gure shows the cycle slips are compédy eliminated in this
Kara Sea re ection case. The di erences between the ltered L1 andL2 phase estimations has a

magnitude of up to 0.7 m, about 1/3 of the un ltered value.
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Figure 5.5: Un ltered versus lItered residual phase after dynamics reduction (top plot) and dif-
ference between L1 and L2 carrier phase before versus after corredjircycle slips through SCANF
(bottom plot) of PRN 12 GPS Signal re ected over the Kara Sea (the same cas as in Figure 5.4).

5.4.3 STEC r Estimation

The pseudorange and the ltered carrier phase measurements obtaineddm the above pro-
cessing for the coherent re ection GNSS signals can be modelled as:

40:3

Phi = Gh+ o bh)+ Z5 STECh+ T + Bri + Bl + k; (5.12)
|

ki = GR+clbx  Hy) ?STECR +Th+ iNgi+ ki (5.13)
|

where the superscriptj represents thej ™ GNSS satellite, the subscriptsR and i 2 f 1,2g represent
re ected signal and the i frequency of GPS L1 and L2 {1 = 1:57542 GHz,f, = 1:2276 GHz).
Note that we have dropped the superscript SCANF to make the model repesentation to be more
generally applicable to other carrier phase cycle slip Itering and orrection techniques. We can
also extend the subscript to include GPS L5 and frequencies of otléGNSS systems.Pée;i and jR;i

represent pseudorange and carrier phase measurements, resped@g’rveGjR is the geometric range
of the re ected path. T! is the tropospheric delay. by is the receiver clock bias.dx is the GNSS

satellite clock bias. c is the speed of light. Bg; is the receiver hardware bias.B{'X;i is the GNSS

satellite hardware bias. ; is the signal wavelength. Ng.i is the carrier phase integer ambiguity.
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jR;i and jR;i are the noise terms in pseudorange and phase range, respectively.
The geometry-free combination of dual-frequency pseudorange and carrigghase measure-

ments are obtained as:

. . 40:3(Ff2 f2 . . . .
Pl Pk,= f(zzzflzl)sTECJR + DCBg + DCBL + Ly ke (5.14)

. P 40:3(f22 fiz) . . . . .
R2  RaT WSTECJRJf Nez  NRat+ Rz Ra (5.15)

where DCB\x = Br:1 Br:2 is the receiver DCB in re ected signal pseudoranges andDCB{X =
Bl Bk, is the DCB of the j GNSS satellite.

The GNSS satellite and LEO CubeSat receiver DCBs and the carrier phasleiaszfq correction
will be discussed in the next subsection. Assuming that these bises can be estimated, the slant
TEC for the coherent GNSS-R signal can be expressed as:

t7 ff

TECL= 21 _
STECR = 20312 19

( ko ka+Zk DCBr DCBL) (5.16)

Similarly, the slant TEC for the DLOS signal can be obtained as:

f2 7

sTECL = 21 __
D 403(% f?)

(L, bL4+ZL DCBp DCB) (5.17)

The GNSS-R slant TEC time series scan velocity across the ionospheis dependent on the
LEO satellite altitude and incident signal elevation angle. Figure 5.6 slows the tracks of SP and
the incident and re ection ray IPPs for the Kara Sea case study show in Figures 5.4 and 5.5. For
this event, the scan velocity is 3 km/s (IPP1) and 7 km/s (IPP2) for the Spire CubeSat with
an altitude of 480 km. For a GNSS-R event that lasts 1 minute, this corresponds to spansf 180
and 420 km at IPP1 and IPP2, respectively. Such a rapid sampling of the ioasphere, coupled with
the potential cm-level range precision (and hence high TEC precisionwill enable unprecedented
observations of plasma structures. Moreover, a large number &fTECL and sTEC), estimations can
be used to construct vertical TEC maps in Arctic and Antarctic where extensive ice coverage exists
all year around. The techniques of constructing the vertical TEC mapsusing the slant GNSS-R

and DLOS TEC is the topic of a concurrent work (Liu et al., 2021).
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Figure 5.6: IPP; (pink), SP (orange), and IPP; (red) tracks of PRN 12 GPS signal on a global
ionospheric vertical TEC map in the Kara Sea re ection case starting fom UTC 06:24:16 on
February 2", 2019. The TEC map is of UTC 06:24:16, February 29, 2019.

5.4.4 DCB and Carrier Phase Ambiguity Estimation

The GNSS satellite DCBs are estimated based on a network of ground-basedNsS receivers
and can be accessed from the IGS (Montenbruck et al., 2014; N. Wang et al., 2016).stmating
the receiver DCB on board a LEO satellite is more challenging than for groud-based receivers due
to the satellite dynamic motion. (Zhong et al., 2016; Lin et al., 2016) estimatedthe DLOS signal
DCB (DCBp) for receivers on board LEO satellites. A number of assumptions were maafor the
DLOS DCB estimations, including the receiver DCB being constant over a relatively long period,
e.g., one day, and the antenna-induced DCB is uniform in all directiors. Additional calibrations are
needed if the above assumptions do not hold. Moreover, for a typical GNSR system, the DLOS
and re ected signals have di erent receiver DCBs as they are receed by di erent antennas and
processed by di erent receiver hardware front ends. For examplethe DLOS signals are typically
received by a right-hand circular polarized (RHCP) antenna while the re ected signals are typically
received by a left-hand circular polarized (LHCP) antenna. In the caseof Spire Global CubeSats,

the antennas were originally designed for GNSS RO and hence are RHCP. Thefiore, for the Spire
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CubeSats, the GNSS-R signals are also received by a RHCP antenna. Theage two receivers on

board the Spire CubeSats: a POD receiver connected to the zenitfacing POD antenna and a

GNSS-R/GNSS-RO receiver connected to the RO antennas. The pseudorge measurements from
the POD receiver and GNSS-R receiver have di erent DCBs. Howeve because the Spire CubeSats
are con gured to receive low elevation grazing angle signals, the DLOS sigth associated with a

re ection signal is received by both the POD receiver and the GNSS-Receiver and can be used to
estimate the DCBs of both receivers.

To estimate the DCB in the POD receiver pseudoranges, we follow a soalled ZERO TEC
approach described in (Zhong et al., 2016). This method assumes that the immum slant TEC
observation from the POD antenna on board a LEMUR-2 CubeSat is close to zerover the course
of an orbital period. Figure 5.7 shows the di erence between L1 and L2 caier phase measurements
that are leveled to the pseudorange measurements"(;,;l AD;Z Zp) of all available DLOS signals
based on LEMUR-2 #90 CubeSat's POD receiver outputs on February 29, 2019. We assume that
the POD receiver DCB is the minimum value of 5.1 “p2> Zp over one orbital period. For

the Kara Sea re ection case in Figure 5.6, the POD receiver DCB estiration, denoted asleBD,

is -24.14 m.

Figure 5.7: Range di erences between DLOS L1 and L2 signal of all PRNs recordday the LEMUR-
2 #90 CubeSat's POD receiver, on February 29, 2019.
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Figure 5.8 plots the range di erences between L1 and L2 signals obtained dm the POD and
GNSS-R receivers. The blue lines represent the range di erensefrom the GNSS-R receiver OL
tracking measurements (lighter color line represents the raw paelorange di erence and darker color
line represents the leveled carrier phase di erence) and the dinter and darker red lines represent
corresponding quantities from the POD receiver. An o set of about 8.29 m s observed for p:1

p2 Zp, which we denote aslf)CBgSEt , between the GNSS-R and POD measurements. From
this DCB o set between the POD and GNSS-R receiver and the POD DCB sastimations, we obtain

R
the GNSS-R receiver DCB for the direct signalDCB, as:

R POD (0]
bce, = bey - + besp ™ (5.18)

Figure 5.8: Pseudorange and carrier phase range di erences from OL trackgnand POD receivers
of DLOS GPS PRN 12 signal in the Kara Sea re ection case.

We assume that all signals (including re ection and DLOS) processed fothe GNSS-R receiver
have the same DCB value. With this assumption, the slant TEC observaton from coherent GNSS-R
can be estimated as:

t7 ¢

Nj Nij H R .
03¢2 77 (Re Ra*Zr DCBp DCBy) (5.19)

j
éTECR =

The only remaining unknown in the above equation is the carrier phasembiguity 2L, which

is the bias between pseudoraange and carrier phase measurements. Adkvg technique can be
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applied to estimate the bias (Mannucci et al., 1998):

Py 1 o j j j
O Pl PRkt Rl koD
2L = R P - (5.20)
=Lohr’

where M is the number of measurement samples is the index, and jR is the standard deviation
of the pseudorange noise. {? is an indicator of the signal quality which depends on signal elevation
angle, multipath environment, receiver type, etc. Reference (Me et al., 2011) analyzed GNSS
measurements from COSMIC data and used the SNR as a proxy for 1/;? and found the leveling
error to be between 0 to 0.7 TECU, with an average value of about 0.1 TECU. Cyke slips must be

corrected for both L1 and L2 carrier phase measurements before applyindieé leveling process.

5.5 STEC r Retrieval Results, Validation, and Error Analysis

In this section, we presents the results o8TECR retrieval using the Spire Global CubeSat
data. We rst present the case study using the SP tracks over Kara Sa shown in Figure 5.6. To
validate the estimated STECg, IGS GIM are used to construct the STEC along the re ection ray
path for comaprison. In addition to the STEC comparison, we also performed sea surface height
(SSH) retrieval using the same CubeSat GNSS-R measurements. TIEHECR estimation obtained
from the GNSS-R data and from the GIM are both used to correct the ionosphgc e ects in the
SSH retrieval. The SSH retrieval results are compared with mean seaurface (MSS) model to
validate the precision of the STECR estimation.

The case study highlights the potential presence of the GNSS-R reogr DCB estimation
error. To address this issue, a detailed assessment of DCB values aCB error consistency are
performed from an additional 10 sets of GNSS-R events. These 10 events ageouped into two
groups. The events within each group are associated with the same GPSansmitter and the same
receiving CubeSat with re ections occurred in the same region. Tle detailed assessment results

are presented in the subsections below.
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5.5.1 Kara Sea Event Case Study

We once again refer to Figure 5.6 which plots the Kara Sea re ection evdrdiscussed earlier in
Section 5.4. The background map is color-coded to represent the vertit TEC from the GIM. The
pink and red lines represent the IPP tracks of the incident ray (IPP1) and re ection ray (IPP2),
respectively, and the orange line is the SP track.

The re ection signal is received by LEMUR-2 #90 CubeSat which has an orbt height of
about 480 km, placing the CubeSat in the topside of the ionosphere. TheTECR obtained from
the GNSS-R measurements are the combined e ect of the two IPP trackgIPP1 and IPP2), while
the GIM provides vertical TEC estimates. As we have mentioned eaikr, the conversion ofSTECr
to vertical TEC is the subject of a concurrent work (Liu et al., 2021). The purpose here is to
validate the accuracy of STECg estimations. To achieve this purpose, we compute the total slant
TEC over the IPP1 and IPP2 tracks from the GIM as the following:

VTECEM + vTECEY,

coy )

STECSM = (5.21)

where is the elevation angle of both the incident and re ection ray IPP. The total slant TEC

from GIM is compared with the total slant TEC from GNSS-R observations:

STECR,,, = sTECR" + STEC3 (5.22)
VTECLEO

STEC3 = ————= 5.23

m0) (5.23)

STEC; is the partial slant TEC observed at the CubeSat altitude as shown along be dashed-line
direction in the illustration embedded in Figure 5.9. $TEC3 is obtained by convertingvTEC g0 , the
vertical TEC above the CubeSat, using the following mapping functon (Foelsche & Kirchengast,
2002):

m( )= fipe (5.24)
Sipp

where hjpp and spp are illustrated in Figure 5.9, and is the elevation angle of the GNSS signal

ray as observed from the LEO satellite. We can further express the magng function in terms of
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Rshell @and Ropit , the ionosphere thin shell and CubeSat orbit radius, respectively This is achieved

by solving spp from the following equation:
(Rshet)® = (Romit)* + (spp)®  2(Romit)(Spp )coy( + =2) (5.25)

We obtain:

i p _
Spp =  RomitsSin + (Rorbit Sin )2 + ( Rspell)? (5.26)

Substitute this expression into Equation 5.24, we obtain:

9=
sin + (Ff—hbe_“)2 (cos )2
orbit (5.27)
1 + Rsheli=Rorbit

m( )=

VTEC_go is estimated from the POD measurements. More speci cally, we usedhe slant
TEC measurement from the GNSS signal with the highest elevation angle andonverted it to

vertical TEC using the same mapping function shown in Equation 5.27.

Figure 5.9: Comparison between the coherent GNSS-R observed total slantHC (red) and the
GIM-derived total slant TEC (black) for the Kara Sea re ection case.

Figure 5.9 plots the total slant TEC derived from the GIM (black) and the GNSS-R estimated
total slant TEC (red) down-shifted by 11.1 TECU. The two curves follow the same trend. The GIM-
derived TEC is very smooth due to low spatial resolution (5.0 degree# longitude and 2.5 degrees

in latitude), while the GNSS-R estimated TEC has uctuations which could indicate ionospheric
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structures. The 11.1 TECU downshift of the GNSS-R estimated TEC erabled it to be better
aligned with the TEC derived from the GIM, and indicated that there i s a potential bias between
them. The bias may be due to the errors in DCB estimations and inaccuste GIM maps. Several
more cases are analyzed in the next subsection to characterize the biaBut we rst want to address
the uctuations observed in the GNSS-R slant TEC estimations, which we believe are indeed the
result of the GNSS-R signals propagating through ionospheric plasma struares.

To validate that the uctuations in the GNSS-R estimated TEC are real ion ospheric struc-
tures, we retrieved the relative sea surface height (SSH) for the Kra Sea re ection event following
the process documented in (Y. Wang et al., 2021). Figure 5.10 plots the SSbbtained from the sea
surface model (green) and from the GNSS-R dual-frequency estimatian(red and black). The sea
surface model include contributions from the DTU18 Mean Sea SurfaceMSS) model (Andersen et
al., 2018) and the TPXO8 ocean tide model (Egbert & Erofeeva, 2002). The red awe is the SSH
retrieved from GNSS-R measurements in which the ionospheric corotion is based on the GNSS-R
derived slant TEC (the red curve shown in Figure 5.9). It agrees withthe sea surface model to
centimeter level. The GNSS-R SSH retrieval using GIM-based iongsheric correction (black curve)
has up to 1 m disagreement ( 6 TECU) with the SSH model. This result indicates that the
GNSS-R derived slant TEC with the observed structures is an accurag representation of the state

of the ionosphere at the time of the observation in the region.

5.5.2 DCB Estimation Error Analysis

We alluded in the above section that the bias between the slant TEC esmated from GNSS-R
data and the GIM may be due to a combination of DCB estimation error and GIM error. In this
section, we further assess the consistency of the DCB estimationsThe DCB estimation method
discussed in Section 5.4 is based on assumptions that the receiver BE do not vary over an orbital
period and remain consistent among all GNSS signals received from all dictions. However, it is
very likely that there is antenna-induced DCB in LEMUR-2 POD receiver measurements and the

RO antenna e ects on the DCB in GNSS-R receiver have not been studid. Moreover, it is possible



106

Figure 5.10: GNSS-R phase-delay altimetry retrievals based on ionosphercorrections using dual-
frequency phase measurements (red) and GIM derived slant TEC (lalck) versus sea surface height
models (green) for the Kara Sea re ections case.

that the LEMUR-2 DCBs vary within an orbital period. To further analyze the DCB e ects on
ionospheric TEC observation using LEMUR-2 measurements, we selealetwo sets of re ection
events that have closely located SP tracks, recorded at close timewver several nearly consecutive
days for signals transmitted from the same GNSS satellite and recordedybthe same LEMUR
CubeSat. Under these conditions, the antenna and geometry related paidn of the DCB should be
consistent among the re ection events within each set. The DCB causd by other hardware devices
(Iters, ampli ers, etc., which are sensitive to receiver environmental temperatures) may also have
minimal variations.

The rst set of data includes 5 re ection events with signals transmitted by GPS PRN 17
and recorded by LEMUR-2 #90 CubeSat over Hudson Bay from January 24 to Febrary 2, 2019.
The details are summarized in Table 5.1, including the date and time of dta collection, event
duration, elevation angle at the SP, the lengths of IPP1, SP, and IPP2 tracls, and the estimated
receiver DCB from POD measurements following the process in Stéon 5.4. For the 5 sets of data
which span 9 days, the estimated DLOS DCB values varied by 59 cm from -260 m to -24.19 m.
In particular, track No. 1-4 occurred within 5 days and the DCB variation is within 17 cm, about

1 TECU. These relatively stable DCB values over multiple days are acouraging signs.
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Table 5.1: Summary of the P! set of Hudson Bay re ection events of GPS PRN 17 signal recorded
by LEMUR-2 #90 CubeSat.

Track Date, Dura. EL IPP1 SP IPP2 IbCBD
No. Time (s) () (km) | (km) | (km) (m)

1 2019-01-24,| 140 11-17 | 470 717 985 | -23.60
16:25:00

2 2019-01-28,| 140 11-17 | 501 730 984 | -24.17
16:22:13

3 2019-01-29,| 180 9-16 501 868 | 1266 | -24.17
15:57:59

4 2019-02-01,| 100 12-16 | 375 528 703 | -24.19
16:19:29

5 2019-02-02,| 200 9-17 606 986 | 1404 | -24.02
15:54:50

The second set of data also includes 5 re ection events. They are for BS PRN 26 signals
re ected over the Arctic Ocean and received by LEMUR-2 #90 CubeSat. Detailed summaries of
this 2"? set of data are in Table 5.2. For this 2¢ set of data, the DCB variation range is slight

larger at almost 1 m over a 9-day span.

Figure 5.11: SP tracks, the total slant TEC observations (red), and their mmparisons with the
GIM-derived TEC estimates (black) of coherent GPS PRN 17 signal re ections over Hudson Bay,
recorded by LEMUR-2 #90 CubeSat during January 24 to February 2, 2019.
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Table 5.2: Summary of the 29 set of the Arctic Ocean re ection events of GPS PRN 26 signal
recorded by LEMUR-2 #90 CubeSat.

Track Date, Dura. EL IPP1 SP | IPP2 | DCBp
No. Time (s) () (km) | (km) | (km) (m)

1 2019-01-24 | 120 10-16 | 239 537 839 | -24.08
16:25:00

2 2019-01-28 | 250 6-17 562 | 1104 | 1684 | -24.47
16:22:13

3 2019-01-29 | 180 11-20 | 483 838 | 1197 | -24.23
15:57:59

4 2019-02-01 | 145 6-12 275 610 982 | -23.96
16:19:29

5 2019-02-02 | 220 6-16 399 932 | 1481 | -24.93
15:54:50

Figure 5.12: SP tracks, the total slant TEC observations (red), and their mmparisons with the
GIM-derived TEC estimates (black) of coherent GPS PRN 26 signal re ections over the Arctic
Ocean, recorded by LEMUR-2 #90 CubeSat during January 25 to February 2, 2019.

While the estimated DCB values are relatively stable, we have to aply a signi cant o set
to the estimated DCB in order to align the slant TEC derived from GNSS-R with the ones from
the GIM. Heuristically, we set the DCB o set DCBESEt (between the DCB in re ected signal

measurements from OL tracking and the DCB of the POD receiver) to bea constant value of 8.7 m
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for the 15t set of Hudson Bay re ections and 11.4 m for the 29 set of the Arctic Ocean re ections.
The $TECR for these re ection events are estimated following the same procede as the Kara
Sea case study, with the except of repIacind)CBgSet with the constant values stated above. The
results are compared with the GIM-derived slant TEC estimates and sown in Figure 5.11 and
Figure 5.12. With these o sets, the GNSS-R estimated total slant TEC hawe trends in overall
agreement with the GIM-derived TEC, and their absolute amplitudes also agree within about 2
TECU in most cases, with an except for the Hudson Bay re ection case on Heruary 15, 2019,
which shows 8 TECU di erence.

There are a number of potential reasons that may have lead to this obseed bias discrepancy.
First, the DCB calculation relies on the noisy pseudorange estimationsvhich could introduce an
o set in the carrier phase leveling. Second, the GIM vertical TEC edimates can have an error
of 2-8 TECU (Herrandez-Pajares et al., 2009). Finally, the assumption of thin shell ionospheric
representation, the assumed thin shell height, and the mapping fuation all contain approximations
which can introduce errors. Despite these potential errors, the alected Hudson Bay and the Arctic
Ocean data sets demonstrate that, if a GNSS-R receiver DCB is wellaibrated, the coherent GNSS-
R measurements have the potential to provide absolute slant TEC obswations at an accuracy of

a few TECU or better.

5.6 Spaceborne GNSS-R for High Latitude lonosphere TEC Disturbance

Observations

This section® presents an innovative approach to observe the ionosphere TEC struates from
coherently re ected GNSS signals collected by Spire Global CubeSatsver the Arctic region. The
high latitudes o er the pathway for solar and geomagnetic disturbances to mpact the ionosphere.
The magnitude of the GNSS-R derived TEC disturbance is quanti ed by the rate of TEC index

(ROTI) (Pi et al., 1997). A case study for a severe geomagnetic storm that oasrred on May 12,

! This section is extracted from: Wang, Y., & Morton, Y. J. (2021).  Spaceborne GNSS-R for High Latitude
lonosphere TEC Disturbance Observations. 2021 Specialist Meeting on Re ectometry using GNSS and othe Signals
of Opportunity (GNSS+R 2021).
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2021, is presented.

With the continuous phase measurements from SCANF (Y. Wang et al., 2021), theaGNSS-R
STEC observations can be obtained using Equation 5.19. TheTEC is then used to compute the
ROTI along the GNSS-R signal path which has the incident and re ection ray IPPs at IPP1 and

IPP2 respectively, as shown in Figure 5.2.

ROT = _STEC (5.28)
T
ROTI = " IROT? h ROTIZ (5.29)

Here, we select T =1 s, which corresponds to an IPP track length of several kilometers (épending
on the signal elevation angle).

We processed Spire GNSS-R data collected on May 12, 2021, over the polar regs. A severe
geomagnetic storm occurred on that day. We selected 11 datasets when th€p index is 1 and
10 datasets when the Kp index is 7. Figure 5.13 plots the specular re edn tracks (red), the
IPP1 tracks of the incidence rays (green), and the IPP2 tracks of there ection rays (blue) of these
two sets of data segments. The segments are selected based on good cti@an coherence over a

relatively long re ection track.
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Figure 5.13: Selected GPS coherent re ections recorded by Spire Celsats on May 12, 2021. Left:
Kp=1. Right: Kp=7.
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Figures 5.14 and 5.15 show two example data segment processing resuttsrresponding to

before and during a geomagnetic storm respectively.

Figure 5.14: Results from a GPS signal coherent re ection case when th@mosphere is quiet.

The rst panels of Figures 5.14 and 5.15 are the signal SNRs. The second panelse the re-
trieved sea surface height anomalies (SSHA). For both cases, the retied SSHAs have magnitudes
less than 20 cm, which validates the successful elimination of cyclips. The third panels are the
STEC along the re ection signal path from both the GIM and the GNSS-R estimations. The last
two panels are the rate of TEC (ROT) and the ROTI estimations from the GNSS-R observations,
respectively. In Figure 5.14, the estimated TEC from GNSS-R is relatvely smooth and it follows
the trend of the GIM, the ROTI magnitudes have a mean value of around 0.3 TECU/min with

slight uctuations. While for the case in Figure 5.15, the GNSS-R TEC has amost identical trend
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Figure 5.15: Results from a GPS signal coherent re ection case which coains ionosphere irregu-
larities.

with GIM but also has signi cant variations, and that segment corresponds to high ROTI values
of up to 1.7 TECU/min, as marked by the red box. For this segment, the re ected signal was
probably traveling through ionospheric irregularities.

Figure 5.16 shows the ROTI estimations for all selected data segmentsuding the quiet (top)
and storm (bottom) period. During the quiet period, the ROTI value s are mostly below 0.5, while
during the storm period, the ROTI values are obviously higher and 3 outof the 10 data segments
have their maximum ROTI values >1 TECU/min. Figure 5.16 shows that ionospheric irregularities
are observed from multiple GNSS-R datasets during the 2021-05-12 geomagnetimsn.

Validation with ground-based observations is needed to further con rmthe observed iono-

spheric irregularities from GNSS-R. In addition, the TEC observations from GNSS-R consist of
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Figure 5.16: ROTI estimations for all selected data segments as shown inigure 5.13.

contributions from both incidence and re ection rays. High-density observations or measurements
from other sources may be needed to distinguish which ray travet&through the ionospheric struc-

tures.

5.7 Spire Global GNSS-R Data Coherency Analysis

The pre-requisite of using GNSS-R signals for TEC estimation is to hee coherently re ected
GNSS signals. Here we present an analysis of coherent GNSS-R occurrerm&r ocean and sea
ice based on 3 months (January to April, 2019) LEMUR-2 grazing-angle GNSS-R data. A rare
comprehensive analysis of the coherent re ection occurrence can beund in (Roesler et al., 2021).

To determine whether a GNSS-R signal is coherent, we developed a ntdne learning (ML)
algorithm that achieves 98.7% accuracy in coherency detection (Y. Wang, Liu, teal., 2020). The
input to the ML are 1 second segments of the 50 Hz SNR and excess phas’éR;i. Figure 5.17
plots two example segments of data: one is coherent and the other is non-cetent. For coherent

re ections, the phase measurements tend to be continuous and the SNI& relatively high, while
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for non-coherent re ections, the phase measurements are noise-likknd the SNR is low.

Figure 5.17: Coherence detection input data samples: an example usingRN 12 GPS L2 CL signal
re ected over the Arctic Sea, recorded by LEMUR-2 #90 CubeSat on January 28, 2019. Each set
of plots (Left and blue: coherent; Right and black: non-coherent) shows50 samples of residual
phase measurements and 50 samples of SNR estimates over a 1-second segmen

The coherence detection is performed for the three month Spire datérom January to April
2019. The results are plotted in Figure 5.18. Three separate maps are shown:a)( Northern
Hemisphere high-latitude, (b) Southern Hemisphere high-latitude and (c) low and middle latitudes.
The blue-colored areas in Figure 5.18(a) and Figure 5.18(b) represent ice werage based on the ice
concentration data obtained from the National Snow and Ice Data Center (NSIDC) (Cavalieri et
al., 1996) for February 15, 2019. The SP tracks in grey color represent non-coherere ections,
and the orange tracks represent coherent re ections. Note that the Spie CubeSats data used in
this study does not include data over land mass. Therefore, theresino re ection tracks over the
Antarctic continent.

Figure 5.18 shows that a high percentage of re ections over sea ice are aent, while over

ocean water, coherent re ections are sparse. The quantitative statiics are summarized in Table
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Figure 5.18: SP tracks of LEMUR-2 grazing angle GNSS-R data collected duringahuary to April,
2019, displayed on maps of (a) Northern Hemisphere high-latitude, (b) Soutarn Hemisphere high-
latitude, and (c) low and middle latitude regions. The blue color represents ice coverage, the orange
tracks represent coherent re ections, and the grey tracks repres#g non-coherent re ections.

5.3. Among a total of 603,768 seconds of GNSS-R carrier phase and SNR data analyzed, 4.3% ar
coherent. Among them, 41.7% of the sea ice re ections and 1.3% of the ocean veatre ections are
coherent.

In general, coherent re ections tend to occur over smooth, re ecive surfaces and for signals
with low elevation angles. The roughness of sea ice surface is related the age of ice, i.e., rst-year
ice typically has smoother surface than multi-year ice (Roesler etal., 2021). This is the reason
why 88.7% of the re ections over Hudson Bay are coherent during January toApril, 2019, when

the Bay was frozen and covered with rst-year ice. The wind speed ad water depth are the two
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Re ection Coherent Total Ratio
Surface/Region Amount (s) Amount (s)
Sea Ice 13,745 32,958 41.7%
Ocean Water 5,801 435,685 1.3%
(Lat: -50 to 50)
Hudson Bay (Ice) 2,316 2,611 88.7%
Region #1, water 321 2,697 11.9%
(Lat: 15 to 50,
Lon: 30 E to 55 E)
Region #2, water 1,346 16,831 8.0%
(Lat: -8 to 20,
Lon: 90 E to 125 E)
Global 25,800 603,768 4.3%

main factors a ecting the roughness of ocean surface (Y. Wang & Morton, 2021a). lis well-known
that there are seasonal and regional patterns for ocean wind. For areas and dung seasons of low
winds, we expect higher percentage of coherence re ections. For exghe, Region # 1 de ned in
Table 5.3 and outlined in Figure 5.18(c) covers several inland seas indling the Black Sea, Caspian
Sea, Red Sea, and Persian Gulf. This region has 11.9% coherent re ection@grence. Region #
2 encompasses the Andaman Sea, Malacca Strait, Java Sea, Makassar Straitcetand is mostly

surrounded by islands. Its coherence occurrence rate is 8.0%.

5.8 Conclusion and Discussion

We investigated the feasibility of utilizing coherent GNSS-R measwements obtained by LEO
CubeSats as a new data source for ionospheric TEC and plasma structuresbservation. The
signi cance of this work is that it demonstrated the potential of GNSS-R to Il the data gap
over the polar regions for ionosphere observation, as well as to improve ¢hglobal ionospheric
TEC observation over ocean and inland water bodies where coherent GNS8gnal re ections are
available.

We demonstrated this new application of GNSS-R using real data recordetdy Spire Global
Inc.'s LEMUR-2 CubeSats. The slant TEC estimations derived from LEMUR-2 GNSS-R mea-

surements show trends in agreement with the GIM-derived TEC. The absolute TEC values are
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dependent on successful receiver DCB estimations. Although the etent LEMUR-2 CubeSats

lack consistent DCB estimations, our analysis of two sets of re ection gents demonstrate that the

DCB values are stable within each set of data. We choose similar re ectin events within each set
by using signals transmitted from the same GPS satellite, receivedby the same CubeSat, having
similar propagation geometry, and recorded at similar times on nearly consetive days. Doing so
allows us to minimize the environmental e ect and antenna gain pattem variations. The results
demonstrated that coherent GNSS-R has the capability to provide absolte TEC observations with

an accuracy of a few TECU or better.

We also demonstrated that the GNSS-R based TEC estimations are capable ofapturing
plasma structures often associated with ionospheric disturbancesDue to the rapid scan velocity of
the GNSS-R rays, the derived slant TEC time series provide a nedy "frozen in time" view of the
combined incident and re ection signal track. While this view doesnot directly map to ionospheric
disturbance patterns at each of the IPPs, it does indicate the presece of ionospheric structures.
We validated the presence of the ionospheric structures by applyig the slant TEC to correct
ionospheric errors in the re ection surface height retrieval. The esults are compared with that of
using the ionospheric correction from the GIM. The GNSS-R based ionodgeric correction resulted
in cm-level deviation from the sea surface model, while the GIM-bsed correction shows m-level
deviation. The ability to capture ionospheric spatial structure wit hout the convolution with the
temporal variations o ers a powerful means to represent the state of tle ionospheric disturbances
and responses to space weather and other natural or arti cial hazardous actities.

A major limitation in the TEC estimation accuracy is the DCB estimation s errors, which
are limited by several factors for the current LEMUR-2 CubeSats. Both the POD and GNSS-R
receivers DCBs have large o set and are sensitive to the incident agles of GNSS signals. The
RO antennas are RHCP and are always facing the Earth's limb, which is dagsable for GNSS RO.
The insu cient antenna gain and attenuation of dominantly left-hand cir cular polarized re ection
signals cause high-level of noise in pseudorange measurements and largersrin the carrier phase

leveling process, which lead to errors in receiver DCB estimadin and ultimately the absolute TEC
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observation. These issues can be resolved or improved in future GNSEexperiments or payloads by
upgrading the hardware, better characterization of the DCB dependene on elevation and azimuth
angles, and implementing an internal DCB calibration system that injects simulated PRN sequence
into the receivers, etc. Other factors such as the incident ray kevation, seasonal variability of the

re ection surface conditions, as well as ionosphere plasma irregulaiiés distributions may also

impact the GNSS-R signal parameters and hence the TEC retrieval perfanances. A statistical

study relating the TEC retrieval precision and these external condtions using 21 months of Spire
Global data is currently underway.

Another essential part of coherent GNSS-R signal processing is carrigphase cycle slips
correction. Because of the relatively weak coherent re ection signal pwer, there are discontinuities
in the OL tracking loop generated carrier phase estimations. In this bapter, we mitigated the cycle
slips using the SCANF method. The SCANF method is designed to handleycle slips caused by
signal amplitude fading. However, phase jumps may also be caused by reslirface relief. Multiple
carrier observations should be utilized to identify the sources of he carrier discontinuities. This is
another area of current studies.

Finally, the slant TEC estimation using the GNSS-R measurement indudes contributions
from both the incident and re ected rays. If we simply have measuements from one SP track, it is
not possible to resolve the TEC contributions at the incident and re ection ray IPPs. However, if we
have measurements from multiple GNSS satellite re ection tracks m the same local area obtained
from multiple CubeSats, we can invert the measurements into localertical TEC maps. We can
also incorporate available ground-based GNSS receiver measurementstire area in the inversion
process. The inversion algorithm and a simulation trade study of the reulting spatial and temporal
resolution of the vertical TEC map are the subject of a current study ard will be submitted shortly
(Liu et al., 2021). The study simulates a wide range of CubeSat orbit con guraions and takes
into consideration of coherent re ection occurrences statistics drived from analysis of Spire data
(Roesler et al., 2021). Moreover, the ionospheric structures captueby the GNSS-R measurements

can also serve as inputs to augment ground-based GNSS receivers and GNBS-measurements
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for 3D ionospheric tomography. This is also an on-going project in the authorab.
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Chapter 6

River Slope Observation from Spaceborne GNSS-R Carrier Phase

Measurements

This chapter is adapted from the following paper (under review):

Wang, Y., & Morton, Y. J. (2021). River Slope Observation from Spaceborne GNSS-RCarrier
Phase Measurements: A Case Study. submitted tdEEE Geoscience and Remote Sensing Letters

6.1 Abstract

This chapter demonstrates the potential of estimating river surfaceslope using space-borne
Global Navigation Satellite System-Re ectometry (GNSS-R) carrier phase measurements. A case
study is presented where the slopes of several segments of the Qro river are retrieved based on
the processing of raw intermediate-frequency (IF) data recordd by the Cyclone GNSS (CYGNSS)
mission. The retrieved river slopes mostly vary between 3.9 and 5.1ne/km and are in agreement
with the surveyed mean slope of 4.5 cm/km for the lower Orinoco River The correction and calibra-
tion of several systematic errors, i.e., CYGNSS satellite orbit errorstropospheric and ionospheric
e ects, and river surface reference height error, are discussed this chapter. For the Orinoco River
case study, the river slope retrieval is calibrated using the re &tion signal over a nearby lake to
mitigate the mis-modeled and unmodeled errors. Analysis of the spedar point (SP) tracks of GPS
re ection signal indicates that CYGNSS has the potential to provide river slope observations for

rivers that have su cient width with high temporal and spatial resolu tions.
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6.2 Introduction

Rivers are an important part of the natural ecosystem essential to human gciety. Proper-
ties and dynamics of rivers over large areas are fundamental to develoginworking theories and
understanding the impact of human activities and climate change on waterresources. Globally,
we have very limited knowledge of water resources, such as the volienlevel, ow rate, surface
gradient, etc. (Cetaux et al., 2016). This chapter focuses on the estnation of river surface slope,
a parameter which is closely related to water ow rate (Manning et al., 1890) and an important
variable in hydrological modeling, environmental monitoring, and climate change studies.

Current global surface water products are mainly based on in situ meas@ments, remote
sensing from the space through satellite imagery (Pekel et al., 2016; Clesnt et al., 2018, etc.),
and satellite radar and laser altimetry (Koblinsky et al., 1993; Birkett et al., 2002, and many
others). The Surface Water and Ocean Topography (SWOT) mission will be dunched in 2022
to make global survey of Earth's surface water (Biancamaria et al., 2016). Wh# in situ sensors
o er highly accurate and continuous measurements, they are limited tofocused local areas, and
some are not shared publicly. The satellite images and altimetry o er a lgh spatial resolution;
however, their temporal resolution is low. For example, the revidi times of LandSat 8 and ICESat-2
missions are 16 and 91 days, respectively. Moreover, they may lack\@rage in vegetated areas and
under cloudy conditions (Musa et al., 2015). These limitations render gristing products inadequate
for observations of temporal dynamics at daily or sub-daily time scales, with are essential to
monitoring ood events.

Space-borne Global Navigation Satellite System-Re ectometry (GNSS-R has the potential
to o er a new data source for surface gradient observations for rivers and dter inland water bodies.
GNSS-R is an emerging technology that have demonstrated capability or pottial for ocean wind
observation (Garrison et al., 2002; Ruf et al., 2018), surface water bodies detBon and mapping
(Al-Khaldi et al., 2021; Warnock & Ruf, 2019), soil moisture retrieval (Camps et al., 2016; Chew

& Small, 2018), ocean altimetry (Clarizia et al., 2016; Mashburn et al., 2018), etc Of particular
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interest is the phase-coherent GNSS signal re ections which o er srall footprint sizes ( 500 m)
de ned by the rst Fresnel zone (Camps, 2019), high precision re ection signal range measurements
(Y. Wang & Morton, 2021a), and short revisit times ranging from several hours toa day (Ruf et
al., 2018). For GNSS-R signals with su cient coherent energy, the carrierphase can be tracked
with cm-level precision and used to retrieve the relative heightand surface gradient of calm ocean,
lake, river, and ice surfaces (Cardellach et al., 2019; Li et al., 2017, 2018; Y. Wang & &fton, 2020;
Y. Wang et al., 2021; Y. Wang & Morton, 2021a).

Successful GNSS-R river surface slope retrievals rely on phase-esbnt signal re ections,
which require the river surface to be relatively wide (greater than the rst Fresnel zone radius of

500 m) and the river surface to be relatively calm. Several error termdn the signal measurements
must also be mitigated for the accurate river slope retrieval. These ¢rms include receiver and
GNSS satellite orbit and clock estimation errors, specular point (SP)location estimation errors,
ionospheric and tropospheric e ects, Earth solid tide, etc. (Li et al., 2018; Y. Wang et al., 2021).
This chapter presents a case study of surface slope retrieval ovehé Orinoco River using GNSS-R
level 1 raw intermediate frequency (IF) data collected by a cycbne GNSS (CYGNSS) satellite.
It should be noted that CYGNSS satellites only o er single-frequency nmeasurements and cannot
support the correction of ionospheric e ects which contribute to cm-level ranging errors over 1 km
spatial separation, even under quiet ionospheric conditions (Lee et gl.2017). In this study, we
make use of the re ection signal measurements over a nearby small lake tperform a calibration
of error terms that cannot be accurately modeled, assuming the lake stece is at relative to the
modeled geoid.

It should be noted that the use of the small lake for calibration of mis-mocaled and un-
modeled errors is an unconventional approach for this speci c projecas the CYGNSS mission was
designed as a scatterometer for sensing the ocean wind and was not intkad for precision altimetry
applications. For precision altimetry applications, dual-frequency measurements to correct the rst
order ionospheric e ects, precise orbit determination (POD) of the GNSS-R satellite, receiver hard-

ware bias calibration, etc., are needed. The goal of this chapter is to deanstrate the potential of
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using spaceborne GNSS re ections to observe river slopes and proddnsights for future GNSS-R

instrument and mission design in order to enable this type of applicaibns.

6.3 Raw IF Data Processing

The CYGNSS satellite constellation consists of eight small satellites athe low Earth orbits
(LEO). The primary CYGNSS instrument, also known as the Delay Doppler Mapping Instrument
(DDMI), uses GPS forward scattered signals to produce delay Dopplemaps (DDMs) of the re ec-
tion surface (Gleason et al., 2018). Apart from the primary data products of DDMs, the DDMI is
also capable of recording the raw IF data by digitizing the incoming rado frequency (RF) signals
received by two nadir-pointing antennas and one zenith-pointing anenna.

The Orinoco River re ection data set was recorded on September 19, 2017 testing at
16:37:19 UTC. The GPS PRN 28 satellite signal was re ected over several séans of the lower
Orinoco River. The average elevation angle at the SP is about 22 degrees. h& red line on the
map in Figure 6.1 (a) shows the SP track, which is about 110 km in length anddsted about 18
seconds. The re ection SP location is estimated by constraining theSP height to the Shuttle Radar
Topography Mission (SRTM) digital elevation map (DEM) (Farr et al., 2007), as shown in Figure
6.1 (b). The green shaded columns indicate segments when the GPS sarwas re ected over the
river surface.

The CYGNSS raw IF data is processed using an open loop (OL) tracking méiod as described
in (Y. Wang & Morton, 2021a). The direct and re ected signal phases are modeld based on the
satellite orbits, clock biases, and estimated SP locations. The CYGNS satellite orbits and clock
information are obtained from the CYGNSS level 1 data products and post-pocessed precise GPS
orbits and clock are used. The in-phase l() and quadrature (Q) correlation outputs from OL
tracking are then used to estimate signal amplitude E) 12+ Q2) and raw residual phase , which
is the di erence between the signal phase model used in the OL tragng and the observed signal
phase. The re ected signal amplitude and raw  estimates of the Orinoco River re ection signal are

shown in Figure 6.1 (c) and (d), respectively. It can be observed tht all river re ection segments
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Figure 6.1: The Orinoco River re ection dataset recorded by CYGNSS # 6 Satellite on September
19, 2017, starting at 16:37:19 UTC: (a) specular point track; (b) specular point hejht from SRTM

DEM; (c) signal amplitude estimates and (d) raw residual phase estimtes of re ected GPS PRN
28 signal from open loop tracking.

correspond to high signal amplitudes and continuous , which indicate that there is su cient
coherent energy in the river re ected signal to yield meaningful carier phase-based relative range
measurements. An unwrapping process is further applied to link he phase samples of ; the
unwrapped phase term is denoted as o_ (Roesler et al., 2020).

Constrained by the data storage and transmission capacities, the raw IF dta are only

recorded occasionally for a target area-of-interest for 30-90 seconds durati. To study the spatial
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coverage and revisit time of GNSS-R observations of the Orinoco Rivemwe computed the SP tracks
of all GPS signals re ected at elevation angles above 10and can be received by CYGNSS satellites,
see details in Figure 6.2. Just over one day, there could be observatisrfor roughly 30% of the
lower Orinoco river, and over a week, the entire lower OrinocoRiver is under the observation of

CYGNSS GNSS-R with a high density of SP tracks.

Figure 6.2: Specular point tracks of all GPS signals re ected at elevation agles above 10 degrees
and can be received by CYGNSS satellites for December 25 (top) and Decémr 25-31 (bottom),
20109.

6.4 River Slope Retrieval

GNSS-R carrier phase measurements have been used for altimetry ratval over ocean, lake,
and sea ice surfaces (Li et al., 2017, 2018; Cardellach et al., 2019; Y. Wang & Morton, 2021a)hd@

same process is applied to retrieve the relative height of a riverwsface:

H=Heet 5 64

where Hget is the river surface reference height obtained from the SRTM DEM daa (Farr et al.,
2007), is the elevation angle at the SP, and g is the estimated re ected signal excess phase due

to the re ection surface height variations. In this study, it is due to the river slope.
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6.4.1 Error Corrections

The residual phase measurements o from OL tracking contain various errors, and the
main contributors include the receiver clock bias . (mainly due to the timing di erence between
the CYGNSS level 1 data products and the raw IF data), satellite orbit errors o, tropospheric
delay ¢, ionospheric e ects ;, impacts from the reference surface height error |, and integer-
cycle phase ambiguity.

Some of the error terms can be accurately modeled or estimated. For exar® the receiver
clock bias ¢ is estimated from the direct signal measurements and the tropospheridelay ¢ is
modeled based on the the Global Pressure and Temperature 3 (GPT3) mai and Vienna Mapping
Functions 3 (VMF3) (Landskron & Behm, 2018). Ideally, the dominant rst orde r ionospheric
correction can be estimated using dual-frequency measurements.ir8e CYGNSS satellites only
generate single frequency measurements, in this study, we degwhe ionospheric correction using the
low resolution vertical total eletron content (vTEC) model provide d by the IGS global ionospheric
maps (GIMs) (Herrandez-Pajares et al., 2009).

The CYGNSS satellite orbit altitude is 520 km which is inside the ionosphere. Therefore, the
direct GPS signal received by the zenith antenna also experiensgonospheric e ects. As illustrated
in Figure 6.3 (a), the di erence between the direct and re ected dgnal ionospheric e ects can be

derived as (Morton et al., 2020):

40:3
= 7 (STECy+ STEC; STECp) (6.2)
L1

where f| 1 = 1:57542 GHz is GPS L1 signal carrier frequencysTECp represents the slant total
electron content (STEC) along the direct signal path, andsTEC; and STEC, represent the sTECs
along the incident ray and re ection ray, respectively. The sTECs are computed from the GIM, as

shown in Figure 6.3 (b), through:

STEC19p = oD —
Lzb 120 coq 12p)

(6.3)

where is a scaling factor for the ionospheric density above the CYGNSS orbit (Mntenbruck &
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Gill, 2002), is the elevation angle of the incident ray at the ionospheric piercingpoint (IPP),
VTEC is the vertical TEC at the IPP as obtained from the GIM, and the subscript 1, 2, and D
represent the incidence ray, the re ection ray, and the direct path, respectively. For the Orinoco
River re ection event, we selected p = 0:17 based on the International Reference lonosphere (IRI)

2016 model (Bilitza et al., 2017), 1=1,and ,=1 D.

Figure 6.3: (a) lllustration of the slant TEC along DLOS and re ected GNSS signals received at
low Earth orbits; (b) global ionosphere map of vertical TEC from Internati onal GNSS Service (IGS)
for September 19, 2017 at 16:00:00 UTC.

The remaining error terms include the satellite orbit errors  , and reference surface height

error . These two error terms are not mitigated due to the lack of the CYGNSS sathites POD
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during the event and information of the average level of the river sedbn, respectively. As a result,
s IS estimated as

€s= oL c t i E (6.4)

where E is the mean value of €4 and it accounts for the unresolved phase ambiguity and other

residual errors in €.

6.4.2 Calibration

As discussed above, the estimated excess phas€s is a relative range term including the
unresolved phase ambiguity and residual errors due to mis-modeled drunmodeled errors from the
ionospheric e ects, satellite orbits, reference height of the rier surface, etc. These errors impact
the precision of the river slope retrieval. For the Orinoco river @se, we are fortunate to have a
small lake along the SP track, as marked in Figure 6.1 (a). The lake re ectn signal is used to
calibrate the residual errors.

As shown in the top panel of Figure 6.4, the SP track across the lake is 2 km. We assume
that the lake surface is at relative to the geoid. The calibration is conducted by tting and
removing a linear trend T from the estimated excess phase€q so that the retrieval of the relative

surface height (denoted as H) after excess phase calibration is represented as:

e T
H= ——— 6.5
2sin (6.5)
and the linear trend T = ¢y + cit is obtained through a least squares tting, i.e.,
(co;cr) =argmin - ( Cs(tk) ¢  Cytk) (6.6)

C:C1 k=1
wherety is the time stamp and M is the number of phase samples over the lake-re ection segment
from 15.6 s to 15.9 s, as shown in the bottom panel of Figure 6.4. It can be obsexghat the
calibration accounted for a relative height deviation of 6 cm or a surface gradient of 3:1 cm/km
across the lake. A summary of the corrected and calibrated error terms andheir impacts on the

surface gradient retrievals is provided in Table 6.1, which shows tat the lake correction magnitude
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captures a dominant portion of slope gradient in this case study. The redlts indicate that the
ionospheric e ects, the satellite POD, and perhaps more accurate moels of the troposphere are

needed to obtain reliable river slope estimations.

Figure 6.4: Calibration of excess phase errors based on altimetry resulsf a lake surface.

Table 6.1: Summary of error terms and their impacts on surface gradient raievals

River Slope Error Terms Mean
Magnitude
(cm/km)
Receiver clock bias ¢ 5.0
Tropospheric delay ¢ -0.3
lonospheric error computed 0.4
from GIM i
Lake correction (unmodeled 3.1
and mis-modeled error) T

6.5 Results and Discussion

The relative river surface heights are retrieved based on Equation 6.and shown in Figure

6.5 (a)-(e) for each of the river re ection segments as marked in Figure @.. No phase jumps are
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observed in these segments. Unlike oceans and large lakes, rivers aged likely to have high wind-
driven waves cross their surfaces, making them good re ectors for llase-coherent GNSS signal
re ections at higher elevation angles. High-elevation GNSS-R observationsre usually of better
accuracy, according to Equation 6.5 and the tropospheric and ionosphericreor models as discussed
in Section 6.4.1. Higher elevation signals also have less attenuation by vagé&on along river banks.

The retrieved relative river surface heights in Figure 6.5 decreass eastward along the Orinoco
River. For the segments which show clear surface height trends, thretrieved river slopes mostly
vary from 3.9 to 5.1 cm/km with only one exception of a short segment of 9.3 cm/kn in Figure
6.5 (c). This segment includes re ections from river banks in the niddle of the segment which are
likely to contaminate the slope retrieval. Excluding this segment the retrieved river slops are in
agreement with the studies in (Nordin et al., 1994; JICA, 2000) that, downstream from Puerto
Ayacucho, the Orinoco River has a fairly uniform pro le with a mean slope of 4.5 cm/km.

Also observed from the retrieved relative river surface heights argossible cases of superele-
vation, such as shown in the red color shaped areas in Figure 6.5 (b), (c) @n(e). Superelevation is
de ned as the di erence in the elevation of the water surface betweg the inside and outside wall of
the river bend at the same section (Dorrell et al., 2013). The superelation is an important input
for modeling and analysis of ood, river bank erosion, and breach (Y. Chenret al., 2015) and is
di cult to measure using existing techniques (e.g. see (Rahman &Konagai, 2017)). More in-depth
studies should be performed to validate the potential of using GNSS-Rarrier phase measurements

to map superelevation.
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Figure 6.5: Relative water surface height retrieval of the Orinoco Rier from coherently re ected
GPS PRN 28 signal recorded by CYGNSS #6 satellite on September 19, 2017, startg at 16:37:19
UTC. The green lines show tted surface slope and red shaded areas inthte potential observations

of superelevation.
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6.6 Conclusion

This chapter presents a case study of river surface slope retrievdlased on the processing
of CYGNSS raw IF data re ected over the Orinoco River. The retrieval is achieved by open loop
tracking of the re ection signal carrier phase and by applying a novel @mbination of error correction
approaches.

The river re ection signal has a healthy SNR and continuous phase measuraents due to
the strong coherent re ections over the relatively calm river suface. The high quality re ection
carrier phase measurements o er con dence in the measurement prégion and suggests that higher
elevation satellite signals may be used for the retrieval. Higher elation signals incur less signal
propagation error through the troposphere and ionosphere as well as less pot@l attenuation
through foliage along river banks. In addition, the retrievals from high-devation signals are less
impacted by the un-modeled phase errors, e.g., SP location calculatn error due to an inaccurate
river surface reference height. In this case study, the troposph& error is modeled using GPT-
3, while the ionospheric error is computed using the IGS GIM VTEC mocel. Satellite oscillator
error is computed based on DLOS signal processing results. Due to laad POD solutions for
the CYGNSS satellites, the satellite orbit error was not directly computed. Another major error
source is the SP location computation error which is also treated as an umodeled error due to
lack of accurate water level information of the Orinoco River. The combned residual error from
these mis-modeled and un-modeled errors is calibrated using the ection signal over a small lake
extending 2 km along the SP track.

The retrieved river surface slope value mostly varies between 3.9 a@nb5.1 cm/km, which is in
agreement with a reported average value of 4.5 cm/km for the river area. Morever, the retrieved
surface height variations indicate the possibility of observing supeelevation across opposite river
banks. This case study demonstrated the potential of using spaceborn&NSS-R to retrieve the
surface gradient of inland water bodies. Much of the error terms in theretrieval could be modeled

or measured in future GNSS-R mission designs. The dominant rst orderionospheric error can
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be eliminated using dual-frequency measurements. Satellite orberror can be inferred from the
satellite POD solutions if a POD system is available. The SP locationcalculation error can be
minimized based on available reference surface height information.

The GNSS-R application presented in this chapter shall o er numerousbene ts for surface
water resource management, including high spatial resolution and presion, short revisit time,
all-weather and day and night availability. However, more extensive pocessing, analysis, and
validation against other sensor measurements are needed to gain furthenderstanding of the error
terms contributions to the total error budget. Moveover, further study with more river re ection

CYGNSS raw IF datasets is needed and an on-going project in the author lab.
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Chapter 7

Conclusion

7.1 Research Summary

This dissertation research is motivated by an emerging interest in sing GNSS radio occulta-
tion (GNSS-RO) signal for neutral atmosphere pro ling and using coherett-re ection GNSS signal
for precise Earth surface (ocean, sea ice, inland water bodies, ecaltimetry and a challenge of
obtaining continuous and precise carrier phase measurements from susignals. The open loop
tracking has become almost the standard processing approach for exisinGNSS-RO and re ec-
tometry receivers working with carrier phase measurements. Thougtknown for its robustness,
the OL tracking has problems that its carrier phase measurements mayave numerous cycle slips,
which may introduce large errors in the lower troposphere pro le rdrievals and make the carrier
phase measurement not usable for precise altimetric applications.

Several methods for GNSS carrier signal tracking or estimation have beedeveloped in this
dissertation. More speci cally, (1) an adaptive Kalman lIter-based closed-loop (KFC) tracking
method is developed for GNSS-RO signals propagating through the lower tiposphere and demon-
strated comparable robustness with and improved accuracy (in both exess Doppler estimation
and bending angle retrieval) over the open loop (OL) tracking; (2) an adaptive hybrid tracking
(AHT) algorithm designed to process GNSS-R signals with su cient coherent component, and it
achieves comparable robustness with the OL tracking while maintainig cm-level accuracy and ex-
cellent carrier phase continuity that can be achieved with a ne-tuned Kalman lter-based adaptive

closed-loop system; (3) a simultaneous cycle-slip and noise Itenig (SCANF) method is developed
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for the postprocessing of dual or multi-frequency GNSS-R phase meamments from OL tracking,
and it has been demonstrated for precise ocean and sea ice altimetrytiSpire's CubeSat data and
is also applicable to carrier phase measurements obtained under othehallenging conditions such
as GNSS-RO signal traversing lower troposphere, signal propagating thragh ionosphere plasma
structures, and multipath-rich environments.

The SCANF or AHT methods developed have signi cantly improved the quality and avail-
ability of GNSS-R carrier phase measurements, which led to two new 8SS remote sensing applica-
tions using the coherent-re ection carrier phase measurements. fe rst application is based on our
study which shows that re ected signal coherency is especially @valent over sea ice where 41.7% of
re ections are coherent, compared to 1.3% of the ocean water re ectionsTherefore, the slant total
electron content (TEC) along the re ection signal ray path can be obtained using coherent dual-
frequency GNSS-R pseudoranage and carrier phase measurements from{oest CubeSats, and this
has the potential to Il the data gaps over the polar regions where there ae limited ground-based
observations and the space weather activities and TEC disturbances amnost frequent and intense.
The methodology has been developed and demonstrated using Spire's BeSat data over the Arctic
region. The results show that the slant TEC retrieved from GNSS-R masurements and from the
global ionosphere TEC map follow a similar trend, and moreover, the GNSIR based TEC time
series 0 er a nearly \frozen in time" observation of the ionospheric stuctures due to the rapid scan
velocity (usually several km/s) of GNSS-R rays across the ionosphereln this study, due to the
hardware limit that the Spire's GNSS-R receiver di erential code bias (DCB) can not be accurately
estimated, the absolute TEC estimation from coherent GNSS-R is not diectly demonstrated. In-
stead, we choose similar re ection events by using signals transntied from the same GPS satellite,
received by the same CubeSat, having similar propagation geometry, ancecorded at similar times
on nearly consecutive days (doing so allows us to minimize the emanmental e ect and antenna
gain pattern variations), and the results demonstrated that coherent GNSS-R has the capability to
provide absolute TEC observations with an accuracy of a few TEC units or letter.

The second novel application studied under this dissertation is touse coherent GNSS-R
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carrier phase for river slope observation. The methodology and feasibili have been demonstrated
through a case study of GPS signal re ected over the Orinoco River andecorded by a CYGNSS
satellite in raw intermediate-frequency (IF) data. The retrieved river slopes mostly vary between
3.9 and 5.1 cm/km and are in agreement with the surveyed mean slope of 4.5 cmk for the

lower Orinoco River, and the retrieved river surface height varations indicate the possibility of

observing superelevation. An unusual calibration approach using signale ected from a nearby

lake is applied to the retrievals to compensate for the un-modeled ah mis-modeled error terms,
such as the ionospheric e ects and orbits errors, due to the fact that ¢ GNSS only provides
single-frequency GNSS measurements and its precise orbit solutiaa not available. More extensive
processing, analysis, and validation against other sensor measurementseaneeded to gain further

understanding of the error terms contributions to the total error bud get.

7.2 Considerations Moving Forward

The ionosphere TEC estimation using the coherent-re ection GNSS-Rneasurements includes
contributions from both the incident and re ected rays. If we simply have measurements from a
single re ection track, it is not possible to resolve the TEC contributions at the incident and
re ection rays. However, if we have measurements from multiple ®ISS satellite re ection tracks
in the same local area obtained from multiple CubeSats, we can inverthte measurements into
local ionosphere vertical TEC and disturbance maps. We can also incorpate available ground-
based GNSS receiver measurements in the area in the inversion pess. Moreover, the ionospheric
structures captured by the GNSS-R measurements can also serve aspints to augment ground-
based GNSS receivers and GNSS-RO measurements for 3D ionospheric tomodrmap

More CYGNSS raw IF datasets are being collected and processed for therfaer study of
using coherent GNSS-R measurements for river slope observation. Mospeci cally, our on-going
e orts include: (1) investigating the conditions to assure coherentre ection of GNSS signals over
river surfaces, such as elevation angle, river width, the distancerém the specular point (SP) to the

river bank, etc.; (2) analyzing the error terms, such as troposphericand ionospheric errors, river
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surface reference height errors, satellite orbit errors, etc., tht impacting the retrieval precision and
developing techniques for error mitigation; (3) validating the GNSS-Rriver slope retrievals with in
situ and/or satellite altimeter measurements.

For both the ionosphere TEC and river slope observations using coherente ection GNSS
signals, we used measurements from GNSS-R instruments that are not digned or optimal for
them. This study shall o er insights for future GNSS-R instrument and mission designs in order

to enable these applications.
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