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Abstract

Time transfer is an essential element for a range of scientific research and industrial
applications, including high-resolution radio astronomy, financial services, space missions,
transport, precision measurement, and relativistic geodesy. Global Navigation Satellite System
(GNSS) has emerged as a competitive solution for time transfer due to its low cost and high
precision. However, with the emergence of optical clocks, the precision requirements of time
transfer techniques have increased, posing a challenge for current GNSS techniques. Therefore,
improving the performance of GNSS time transfer models and algorithms has become a current
research focus. This thesis aims to develop new models and algorithms to assess the potential
role of GNSS in future time transfer systems. To this end, new GNSS time transfer methods
are developed in this research based on the undifferenced and uncombined (UDUC)
observations, which offer several advantages. Special attention has been paid to the integer
ambiguity resolution (IAR), the key to exploiting phase observation information in time
transfer. UDUC GNSS time transfer with IAR is proposed for short-, medium-, and long-
baselines considering different ionospheric constraints. The feasibility of the proposed model
is supported by characterizing the role of IAR in improving the precision of time transfer.
Furthermore, a UDUC time transfer model with satellite clocks estimated, not externally
obtained, is proposed to address the impact of precise satellite clock products on time transfer.
Validations demonstrate that the frequency stability in the low-mid 107" range for averaging
times within one day is achievable with integer ambiguities resolved and satellite clocks
estimated. The time-invariant assumption of receiver code bias is essential for accurately
implementing of GNSS time transfer, but it is difficult to achieve in practice. The variation
characteristics of the receiver code bias, which can reach the nanosecond level, have been
proven, thereby highlighting the necessity of considering receiver code bias variations in time
transfer. Accordingly, a UDUC GNSS time transfer method is proposed considering receiver
code bias variations. This approach solves the impacts of receiver code bias variations on time
transfer from the algorithm level rather than attempting to control the bias variations from the
receiver, antenna, and the cables connecting them. Given that building a positioning,
navigation, and timing (PNT) system based on low-orbit (LEO) satellites is a current
development trend in space science, the proposed UDUC GNSS time transfer theory is
extended to space applications. Since precise orbit determination (POD) is the premise of any
space application, the UDUC method with IAR for absolute and relative POD is proposed.
With the UDUC algorithm and IAR, the proposed model achieves a 2-4 cm consistency in 3D



compared to reference orbits. Consequently, the application of the UDUC GNSS time transfer
in LEO satellites is explored, providing a preliminary verification for establishing of LEO-

based space-time reference in the future.
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1 Introduction

1.1 Background

Time is a fundamental parameter in our daily life, and precise timekeeping is critical for various
applications, ranging from communication networks to scientific experiments (Adhikari et al.,
2021; Arms et al., 2009; Chou et al., 2010; Cliche and Shillue, 2006; Lisdat et al., 2016). The
requirement for accurate and stable time has led to the development of various time transfer
techniques, each with its own advantages and limitations. Time transfer can be defined as the
process of transmitting time information from one location to another, and it is essential for the
formation and maintenance of a world time scale (Defraigne and Petit, 2003; Levine, 2008;

Piester et al., 2008).

There are several methods for time transfer, including Two-Way Satellite Time and Frequency
Transfer (TWSTEFT), optical fibre, laser, and Global Navigation Satellite Systems (GNSS).
TWSTEFT is a widely used technique that relies on transmitting a timing signal between two
ground stations via satellites (Jiang, 2008). Optical fibre and laser time transfer techniques
involve transmitting the timing signal via a fibre-optic cable or a laser beam (Kodet et al., 2016;
Samain et al., 2014), respectively. These methods can achieve sub-nanosecond accuracy, but
they require specialized equipment and infrastructure and can be expensive to implement for

SOmMe users.

GNSS, on the other hand, has emerged as a low-cost and widely available technology for time
transfer (Defraigne and Petit, 2015). GNSS is a satellite-based navigation system that consists
of a network of satellites orbiting the Earth and ground-based receivers that can determine the
precise time and location of the receivers on the ground. GNSS signals contain a precise time

stamp, which can be used for time transfer between different locations on the Earth's surface.

GNSS time transfer offers several advantages over other techniques. Firstly, it is a low-cost
solution that does not require specialized equipment or infrastructure. GNSS signals are
available globally, making it a universal and easily accessible technology. Secondly, GNSS
provides high accuracy and precision, with sub-nanosecond level timing accuracy achievable
with modern GNSS receivers. Furthermore, GNSS is a continuous and real-time technique that

provides an immediate transfer of timing information.
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In summary, GNSS time transfer has emerged as a low-cost and widely available technique for
high-precision time transfer. Its advantages include global coverage, high accuracy, and real-
time capabilities. However, there are still several challenges that need to be addressed to ensure
its reliability and accuracy. Ongoing research in the field of GNSS time transfer is focused on
improving the technique and addressing these challenges, which will enable the development

of more robust and reliable time transfer systems.
1.2 Literature Review

GNSS time transfer has been widely used for Coordinated Universal Time (UTC) comparisons
since the 1980s due to its precision and low cost (Allan and Weiss, 1980; Jiang, 2008; Petit and
Defraigne, 2023). It is also used for providing time stamps and frequency calibration relative
to national metrology institutes. With the advancement of GNSS algorithms and models, the
commonly used method for GNSS time transfer has changed from the common-view (CV) to

the all-in-view (AV) method, and then to the precise point positioning (PPP) method.

The CV method is a GNSS time transfer method that was proposed in the 1980s, which initially
used code observations only (Lewandowski et al., 1993). The CV method constructs an inter-
station single-differenced (SD) GNSS observation model that requires the two stations to track
signals from the same satellites (Lee et al., 2008). The advantages of the CV method are as
follows. Firstly, the CV method only needs broadcast ephemeris, which can easily achieve real-
time time transfer. Secondly, GNSS satellite orbit and clock errors are eliminated during the
SD process. Thirdly, ionospheric and tropospheric errors are also significantly mitigated during
the differential process when the distance between the station is not large. However, the CV
method has limitations for long-distance time transfer and is limited in accuracy due to using

only code observations.

To overcome the limitations of the CV method, the AV method was developed for long-
distance GNSS time transfer (Petit and Jiang, 2008). The AV method synchronizes the local
clock and the reference time scale of GNSS at each of the considered stations based on visible
GNSS satellites (Defraigne et al., 2013). The synchronization error is then differentiated
between the two stations needing time transfer, eliminating the impact of GNSS time stamps.
The AV method requires additional precise GNSS satellite products, especially precise satellite
clock products. However, the time transfer accuracy of the AV method is limited, also because

of the use of only code observations.
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To overcome the limitations of both the CV and AV methods, the PPP method based on both
code and carrier phase observations was introduced for time transfer (Bruyninx et al., 1999;
Larson and Levine, 1999). The implementation of PPP and AV methods is the same in the
previous methods, with the only difference being the introduction of higher precision carrier
phase observations. The PPP method also requires precise satellite products to determine the
synchronization error between the local clock and the GNSS reference time scale, thus
supporting long-distance time transfer. The PPP based on the ionosphere-free (IF) combination
was favoured by the time community because the ionosphere delay, which is of no interest in
time transfer, is eliminated. However, time transfer with the IF PPP is limited to dual-frequency
observations and wastes potential multi-frequency observation information (Khodabandeh and
Teunissen, 2016; Tu et al., 2019). In multi-frequency scenarios, multiple IF observations can
be constructed, but the correlation between them in IF will still limit the time transfer

performance.

Considering the drawbacks of the IF combination, the GNSS community is now turning to
undifferenced and uncombined (UDUC) observations. The advantages of working with the
UDUC GNSS observations are already recognized in high-precision GNSS positioning
(Lannes and Prieur, 2013; Odijjk et al., 2016; Samain et al., 2014), which includes the following
aspects. Firstly, UDUC observations preserve all parameters so that possible error-specific
dynamic models can be applied to improve model strength. Secondly, the UDUC formulation
fully uses the original observation information and is flexible in multi-frequency scenarios.
Thirdly, the stochastic model is simplified, giving the simplest form of observational variance.
Fourthly, quality control is more robust with the UDUC formulation, avoiding problems such
as noise amplification and model error transfer caused by combination and difference. Of
course, in the UDUC model, it is impossible to unbiased estimate each parameter separately,
and possible rank deficiency appearing in the model needs to be considered, which can be
solved by the S-system theory (Teunissen, 1985). When the full-rank UDUC model is
constructed, it can serve different GNSS applications. However, so far, a few UDUC methods

have been applied to GNSS time transfer.

When considering high-precision GNSS applications, integer ambiguity resolution (IAR) is
critical, particularly in the context of time transfer. The Integer Recovery Clock (IRC)
(Laurichesse et al., 2009), Decoupled Satellite Clock (DSC) (Collins, 2008), and Uncalibrated
Phase Delay/Fractional Cycle Bias (UPD/FCB) models (Ge et al., 2008) are the three widely
used methods to achieve IAR in Precise Point Positioning Ambiguity Resolution (PPP-AR) in
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theory. However, only one time transfer method that implements IAR currently exists, known
as integer PPP (IPPP) (Petit et al., 2014; Petit et al., 2017), which is based on the PPP-AR of
the IRC model. These models are based on IF observations, which have limitations (Mi et al.,

2023).

Obtaining precise GNSS satellite clock products is vital for achieving synchronizing the
receiver clock and the GNSS reference time scale in AV and PPP. In generating GNSS precise
satellite products through GNSS network data processing, the rank deficiencies between the
receiver clock and GNSS satellite clocks are always unavoidable and are challenging to
separate entirely (Chen et al., 2018; Shi et al., 2019). Consequently, the accuracy and reliability
of GNSS satellite clock products inevitably impact time transfer performance. At present,
International GNSS Service (IGS) final GNSS satellite clock products can reach tens of
picoseconds of accuracy (Guo and Geng, 2018), while real-time products only achieve sub-
nanosecond levels (Huang et al., 2014). Hence, avoiding the influence of satellite clock

products is a crucial problem in time transfer.

Hardware calibration is another essential aspect of GNSS time transfer since the estimable
receiver clock absorbs the receiver hardware delays in any method (Defraigne et al., 2021).
GNSS time transfer's hardware delay comprises the GNSS receiver, antenna, cable connecting
the GNSS receiver and antenna, and indoor cable connecting the GNSS receiver to the time
and frequency reference. For GNSS time transfer, hardware delay must be appropriately
calibrated and remain constant over time. However, studies indicate that hardware delay can
vary significantly and is closely related to the environment in which GNSS equipment are
located (Mi et al., 2021; Rieck et al., 2003), particularly temperature. Time labs, therefore,
often create a stable temperature environment to maintain the receiver hardware delay as
constant as possible. However, short-term and long-term variations in hardware delay are
challenging to avoid even under these conditions. Practical approaches to describing hardware
delay variation and minimizing its impact on GNSS time transfer is thus an ongoing challenge

that the time community is working to address.

Currently, thousands of Low Earth Orbit (LEO) satellites operate in space. With the launch of
additional satellites in the future, a variety of space exploration and Positioning, Navigation
and Timing (PNT) applications will benefit from the new LEO constellations (Li et al., 2019a;
Li et al., 2019b). Achieving precise orbit determination (POD) and time synchronization is a
prerequisite for any LEO constellation application (Montenbruck et al., 2009; Montenbruck et

al., 2018). Furthermore, the space environment is more complex than the ground environment
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(Allahvirdi-Zadeh et al., 2021), making time transfer more challenging. However, the theory
and application of GNSS time transfer based on LEO satellites are limited, and its feasibility

in maintaining space-time references remains to be explored.
1.3 Implementation of GNSS Time and Frequency Transfer

GNSS time and frequency transfer is a technique that utilizes GNSS satellite information to
compare clocks at multiple spatially separated sites, enabling the creation and sharing of
precise time or clock frequency. This method is commonly employed for establishing and
distributing standard time scales like International Atomic Time (TAI) and UTC. The accuracy
requirements for time transfer vary among different users. For instance, maintaining UTC
necessitates achieving an accuracy of no less than nanoseconds of one day. To cater for the
diverse needs of users, atomic clocks of varying precision levels are utilized. It is important to
note that the accuracy of time and frequency transfer heavily relies on the performance of
atomic clocks at the user end. The role of GNSS technology is to restore the performance of

atomic clocks by calculating the clock difference between the considered receiver sites.
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Figure 1 Schematic principle of GNSS time transfer
When utilizing GNSS technology for time and frequency transfer, the process typically
involves two steps: time transfer and frequency transfer. Figure 1 illustrates the principle of
GNSS time transfer. In the first step, the synchronization error between the local clock and the
reference time scale is determined. The reference time scale depends on the satellite clock
products used. If the GNSS clock information is obtained from the broadcast ephemeris, the
time scale maintained by the GNSS constellation is used as the reference. Conversely, if a

precise clock product is utilized, the time scale of that precise clock product serves as the
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reference. Each receiver is connected to an external clock, and its local time is provided by this
external clock. By utilizing GNSS observations, T1-Ref and T2-Ref can be easily obtained.
The second step involves calculating the difference between T1-Ref and T2-Ref, which are
obtained from simultaneous observations of GNSS satellites at two stations, to obtain T1-T2.
This represents the synchronization error between the two local clocks. The second step entails

GNSS data processing, which can be performed using various methods such as PPP method.

Achieving accurate GNSS time transfer requires the calibration of the hardware delay of GNSS
equipment. When working with GNSS observation equations, it is necessary to consider rank
deficiencies, as not all unknown parameters can be estimated separately without including a
bias. In constructing a full-rank GNSS time transfer model, parameter reconstruction is
inevitably required. In this case, the synchronization error between the unbiased receiver clock
and the reference time scale must account for the hardware delay (See subsequent chapters for
details). This delay can originate from various sources, including the GNSS receiver, antenna,
external clock, and connecting cables. Before conducting GNSS time transfer, the hardware
delay of each signal in these instruments or cables should be precisely determined. Currently,
absolute and relative calibration methods (Esteban et al., 2010; Overney et al., 1997) for

hardware delay can meet the requirements for GNSS time transfer.

To implement GNSS frequency transfer, the results of GNSS time transfer need to be converted
from the time domain to the frequency domain. This conversion can be achieved, for instance,
through the use of the Fast Fourier Transform (FFT) (Nussbaumer et al., 1982), which
computes the discrete Fourier Transform (DFT) of a sequence. Once the FFT is applied, the
resulting frequency domain representation is used to calculate the power spectrum of the signal.
The power spectrum represents the distribution of power across different frequencies and
provides insights into the frequency stability of the GNSS frequency transfer. Analysing the
frequency domain data involves identifying dominant frequencies by observing peaks in the
power spectrum. The spread of power around these peak frequencies indicates the stability of
the frequency, with a lesser spread indicating greater stability. Additionally, Modified Allan
Deviation (MDEV) (Lesage and Ayi, 1984) can be evaluated to assess the stability of the
frequency transfer data, which provides information about short-term and long-term stability,
as well as the presence of frequency drift or noise. Software tools like Stable32 (Riley, 2008)
can be used to convert time domain data into frequency domain data and perform frequency

stability analysis.
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1.4 Thesis Objectives

This research aims to establish a framework for developing the new state-of-the-art UDUC
time transfer technique and extend it to space applications. Several GNSS time transfer
challenges are addressed to achieve the research goal, including modelling with multi-
frequency GNSS signals, TAR, satellite clocks estimation, and studying the impact of the
variations in hardware delays. Special attention is paid to the space applications of GNSS time
transfer where the POD of LEO satellites is an essential prerequisite. Therefore, the absolute
and relative POD of LEO satellites based on UDUC observations is also discussed for future
space applications of GNSS time transfer. The thesis is one of the first PhD dissertations
concerning the UDUC approach for GNSS time transfer.

The thesis has six objectives to achieve its aim, which are:

1. Develop GNSS time transfer models with IAR applicable to multiple frequencies based
on UDUC observations and explore the benefits of IAR for time transfer. In this
process, GNSS time transfer models for short, medium, and long baselines will be
constructed by considering different ionospheric constraints.

2. Develop GNSS time transfer models with satellite clocks estimated, not externally
provided as currently done, based on UDUC observations and reveal the impact of
precise satellite clock products on GNSS time transfer. This will include exploring the
feasibility of serving future time references.

3. Study the short-term variations of different types of GNSS hardware delays and
investigate whether they affect GNSS time transfer.

4. Develop GNSS time transfer models that consider hardware delay variations and
quantify the impact of hardware delay variations on GNSS time transfer.

5. Develop absolute and relative POD methods for LEO satellite constellations and
explore the advantages of the UDUC method in POD.

6. Explore the feasibility of LEO-based GNSS time transfer in maintaining space-time
references.

1.5 Thesis Outline

The thesis comprises, after the introduction, of six chapters, each of which addresses a specific
objective as discussed above. Four chapters are covered by published journal papers, where the

conclusion for each publication is contained within itself. The thesis conclusions are given in
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a final chapter (Chapter 8) which summarises the findings of the whole thesis. The detailed

structure of the thesis is as follows:
Chapter 2: UDUC GNSS Time Transfer with IAR for Short, Medium and Long Baselines

The first objective of the thesis listed above (Sec. 1.4) is addressed in the following publication
forming Chapter 2 of the thesis:

» Mi, X., Zhang, B., E[-Mowafy, A., Wang, K., & Yuan, Y. (2023). Undifferenced and
uncombined GNSS time and frequency transfer with integer ambiguity resolution.

Journal of Geodesy, 97(2), 13. https://doi.org/10.1007/500190-022-01689-8

This paper reviews the drawbacks of the existing GNSS time transfer methods and the
advantages of the UDUC method in GNSS data processing, thus clarifying the necessity of
introducing the UDUC method into GNSS time transfer. GNSS time transfer model with [AR
(which is defined as the ionosphere-float model) that is suitable for multi-constellation and
multi-frequency scenarios is derived first. Then, considering different ionospheric constraints,
the ionosphere-fixed and ionosphere-weighted models suitable for short-baseline and medium-
baseline time transfers are proposed, respectively. The time transfer performance of the UDUC
models with IAR compared with the UDUC PPP is analysed, which shows the benefit of IAR
for time transfer. This paper shows that the proposed model delivers comparable time transfer
performance to the UDUC PPP model for long baselines. This is due to the impact of using

precise satellite clocks, which will be studied in the next chapter.
Chapter 3: UDUC GNSS Time Transfer with Satellite Clocks Estimated

This chapter is covered by the following publication addressing the second objective of the

thesis listed above:

» Mi, X.,, Zhang, B., El-Mowafy, A., Wang, K., & Yuan, Y. (2023). On the potential of
undifferenced and uncombined GNSS time and frequency transfer with integer
ambiguity resolution and satellite clocks estimated. GPS Solutions, 27(1), 25.
https://doi.org/10.1007/s10291-022-01363-8

This paper proposes the UDUC time transfer model with satellite clocks estimated, not
provided externally, and investigates the effect of the estimated satellite clocks on time transfer.
Based on the models in the previous chapter, the UDUC GNSS time transfer models with AR
and satellite clocks are constructed with the help of the S-system theory. The time transfer

performance of the UDUC model with IAR and satellite clocks estimated is tested with GPS-
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only, and the effect of precise satellite clock products on time transfer is demonstrated in this
research. In addition, it is found that GPS, Galileo, and BDS-3 all have the potential to achieve
time transfer with picosecond level and frequency sstability in the low-mid 10" range for
averaging times within one day. This paper proves that GNSS has the potential to serve optical

clock time transfer and continue to play a role in future time reference maintenance.
Chapter 4: Characteristics of Multi-Frequency Multi-GNSS Receiver Biases
The following publication covers the third objective of the thesis addressed in this chapter:

» Mi, X., Sheng, C., El-Mowafy, A., & Zhang, B. (2021). Characteristics of receiver-
related biases between BDS-3 and BDS-2 for five frequencies including inter-system
biases, differential code biases, and differential phase biases. GPS Solutions, 25(3),
113. https://doi.org/10.1007/s10291-021-01151-w

This paper systematically analyses GNSS receiver hardware delays and their short-term
variations and influencing factors. The GNSS hardware delays involved are differential code
bias (DCB), differential phase bias (DPB), and inter-system bias (ISB), which may affect high-
precision positioning, time transfer and ionospheric studies. This study has three implications
for the follow-up GNSS time transfer research. Firstly, the impact of different hardware delays
must be considered when combining multi-constellation data. Secondly, there may be
significant short-term variations in hardware delay, which should be accounted for in GNSS
time transfer. Thirdly, the variations of hardware delay are closely related to the environment,
especially the temperature, so the environment of the GNSS equipment should be paid attention
to in the GNSS time transfer. This research lays the foundation for the next chapter to explore

and quantify the impact of hardware delay variations on GNSS time transfer.
Chapter 5: UDUC GNSS Time Transfer considering Time-varying Receiver Code Biases

This chapter proposes a new UDUC GNSS time transfer model considering the variations of
GNSS receiver hardware delay. It explores the variation characteristics of receiver hardware
delay and its impact on time transfer. The specific idea is to select the hardware delay of the
first epoch as a basis, so that the variations of hardware delay relative to the first epoch can be
estimated. The advantage of this method is that the hardware delay variations of the GNSS
equipment, including the GNSS receiver, antenna, and cable, are treated as a parameter instead
of trying to control the variation of each part. This research reveals the variation characteristics
and receiver hardware delay mechanism, enabling high-precision time transfer. This chapter

addresses the fourth objective of the thesis.
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Chapter 6: UDUC Precise Orbit Determination of LEO Satellites
The following publication addresses part of the fifth objective of the thesis:

» Mi, X., Allahvirdi-Zadeh, A., EI-Mowafy, A., Huang, Z., Wang, K., Zhang, B., & Yuan,
Y. (2023). Absolute and relative POD of LEO satellites in formation flying:

Undifferenced and uncombined approach. Advances in Space Research, 72(4), 1070-
1080. https.//doi.org/10.1016/j.asr.2023.05.024

The paper explores an essential prerequisite for space applications of GNSS time transfer: POD
of LEO satellites. To ensure compatibility with the expansion of the UDUC GNSS time
transfer, the POD model is established based on UDUC observations. A novel UDUC method
suitable for absolute and relative POD in LEO satellite constellations is proposed. The
estimated ambiguity is constructed into a double-differenced (DD) form for IAR with the help
of common-view GNSS satellites. This approach can achieve real-time POD while
simultaneously reducing the number of estimated parameters in LEO constellation processing,
thereby improving computational efficiency. Therefore, this method aligns well with the
developmental trajectory of future LEO constellations. The performance of the proposed
method is verified based on two LEO satellites in formation flying. This study provides the

basis for the next chapter of GNSS time transfer in space.
Chapter 7: LEO-Based GNSS Time Transfer Using the UDUC approach

This chapter explores the LEO-based GNSS time transfer performance in space based on
UDUC observations. The development of LEO constellations is the future trend in satellite-
based PNT. Achieving inter-satellite time synchronization and using LEO satellites for
maintaining a time reference independent of the ground has become a current research hotspot.
Therefore, this chapter explores the GNSS time transfer performance based on an LEO
constellation, laying the foundation for the development of future space-time references. The

research in this chapter achieves the last objective of the thesis.
Chapter 8: Conclusions and Recommendations

This last chapter of the thesis summarises the outcomes of this research and its contribution to
the filed. It provides the potential direction of studies and future works related to achieving

high accuracy and reliable GNSS time transfer and its applications.
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2 UDUC GNSS Time Transfer with IAR for Short, Medium and Long

Baselines

The present study unveils certain limitations of traditional methods of GNSS time transfer,
such as inflexibility in multi-frequency scenarios and the inability to restore ambiguity integer
characteristics, thereby restricting its overall performance. To address these concerns, GNSS
time transfer models with integer ambiguity resolution (IAR) based on undifferenced and
uncombined (UDUC) observations for short, medium and long baselines are proposed in this
chapter. The performance of these models has been thoroughly examined and discussed. This

chapter is presented in the following publication:

Mi, X., Zhang, B., El-Mowafy, A., Wang, K., & Yuan, Y. (2023). Undifferenced and
uncombined GNSS time and frequency transfer with integer ambiguity resolution. Journal of

Geodesy, 97(2), 13. https://doi.org/10.1007/s00190-022-01689-8
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Abstract

Precise point positioning (PPP) has been a competitive global navigation satellite system (GNSS) technique for time and
frequency transfer. However, the classical PPP is usually based on the ionosphere-free combination of dual-frequency obser-
vations, which has limited flexibility in the multi-frequency scenario. More importantly, the unknown integer ambiguities are
not restored to the integer nature, making the advantage of high-precision carrier phase observations underutilized. In this
contribution, using the undifferenced and uncombined (UDUC) observations, we derive the time and frequency transfer model
suitable for multi-constellation and multi-frequency scenarios. Notably, in short- and medium-baseline time and frequency
transfer, the ionosphere-fixed and ionosphere-weighted UDUC models are derived, respectively, by making full use of the
single-differenced (SD) ionospheric constraints. The proposed model can be applied to short-, medium- and long-baseline
time and frequency transfer. The ambiguities are solved in a double-differenced (DD) form and can thus be restored to integers.
To verify the feasibility of the model, GPS data from several time laboratories were collected, and the performance of the
time and frequency transfer were analyzed with different baseline lengths. The results showed that the ionosphere-fixed and
ionosphere-weighted UDUC models with integer ambiguity resolution could improve the frequency stability by 25-60% and
9-30% at an averaging time of several tens of seconds to 1 day for short- and medium-baseline, respectively. Concerning the
long-baseline, the UDUC model is 10-25% more stable than PPP for averaging time below a few thousands second and over
1 day.

Keywords Time and frequency transfer - Global navigation satellite system (GNSS) - Integer ambiguity resolution (IAR) -
Undifferenced and uncombined (UDUC) - Precise point positioning (PPP)

1 Introduction

Accurate time and frequency transfer are essential for rela-
tivistic geodesy, high-resolution radio astronomy, and preci-
sion measurement (He et al. 2018; Lisdat et al. 2016; Lopez
et al. 2013; Milner et al. 2019; Roberts et al. 2017). In
addition, time and frequency transfer is essential for many
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critical infrastructures such as financial services, space mis-
sions, transport, and defense applications (Davis et al. 2011).
Compared with optical fiber, the global navigation satellite
system (GNSS) is currently used as a more classical means
of time and frequency transfer thanks to its simplicity and
low cost (Defraigne and Baire 2011; Guyennon et al. 2009).
Two major approaches, namely common view (CV) and pre-
cise point positioning (PPP) are widely used for time and
frequency transfer in time laboratories.

The CV approach is based on the inter-station single-
differenced (SD) model, requiring that the two stations track
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signals from identical satellites (Lewandowski et al. 1993;
Luna et al. 2017). The advantage of the CV approach is that
only the broadcast ephemeris is needed, and the errors on
satellite clocks and orbits are significantly mitigated dur-
ing the SD process (Lee et al. 2008; Ray and Senior 2005).
However, since the CV approach depends on the number of
satellites in common-view, it is unsuitable for long-baseline
time and frequency transfer (Ge et al. 2019).

With precise satellite orbits and clocks, PPP can pro-
vide the local time concerning the reference time scale of
the satellite clock products (Defraigne et al. 2015; Zhang
et al. 2020). Then, time and frequency transfer between
the two stations can be accomplished by a simple differ-
ence between the two PPP local receiver time solutions. At
this stage, the PPP approach is independent of the distance
between the stations, which enables nanosecond time com-
parisons for intercontinental baselines. Traditional PPP is
based on an ionosphere-free (IF) combination and is usu-
ally applied to dual-frequency observations (Ge et al. 2020;
Khodabandeh and Teunissen 2016). However, in a multi-
frequency scenario, although different IF combinations can
be formed, this is not the optimal choice (Tu et al. 2019;
Zhang et al. 2021). IF PPP does not take full advantage of
all the observations because only one independent parame-
ter, the ionospheric delay, gets eliminated, but more than one
of the observables for both code and phase observations is
sacrificed (Teunissen 2020). Instead of forming linear combi-
nations of observables, some studies have implemented PPP
based on the undifferenced and uncombined (UDUC) GNSS
observations, namely UC PPP (Liu et al. 2017; Su and Jin
2019). The UC PPP contributes to strengthening the model
to the best extent possible as it can flexibly impose dynamic
constraints on all parameters (Zhang et al. 2019). In this case,
ionospheric delays are no longer eliminated but estimated,
making the model flexible in multi-frequency scenarios. In
addition, the simplest observational variance matrix is used
in the UC PPP (Odijk et al. 2016).

The ambiguity in the float form that exists in tradi-
tional PPP, limits the performance of the time and frequency
transfer. Through theoretical deduction, Khodabandeh and
Teunissen (2018) preliminarily demonstrates how integer
ambiguity resolution benefits time and frequency transfer.
Petit et al. (2015) have proposed the integer PPP (IPPP)
method, which can recover the integer characteristic of ambi-
guities by considering the fractional-cycle biases (FCB)
(Geng et al. 2012; Petit 2021). However, IPPP is still based
on the IF combinations and is thus only suitable for dual-
frequency scenarios. In addition, the IPPP solution is highly
dependent on external FCB products, which may have a dis-
crepancy in their timestamp that may affect the process of
time transfer, and therefore requires consistent processing
strategies at the user- and the network-end (Geng et al. 2020).

@ Springer

In this contribution, we propose a time and frequency
transfer model that can achieve integer ambiguity resolu-
tion without external FCB products. The model is based on
UDUC GNSS observations, which could benefit from several
advantages (Odijk et al. 2016; Zhang et al. 2019). In this pro-
cess, we present the method to eliminate the rank deficiencies
from UDUC observations and then construct the full-rank
time and frequency model with the ambiguities estimated in
the double-differenced (DD) form.

The remainder of this paper proceeds as follows.
Section 2 first develops a general UDUC model, namely
the ionosphere-float model, without any ionospheric con-
straints. On this basis, the ionosphere-weighted and -fixed
models suitable for medium and short baselines are derived.
Then, how to implement time and frequency transfer using
the UDUC models is given in Sect. 3. Section 4 presents the
experimental results, including time and frequency transfer
over short, medium, and long baselines. Finally, we summa-
rize our findings and give our conclusions in Sect. 5.

2 UDUC models with different ionospheric
constraints

This section first gives the ionosphere-float UDUC model
without ionospheric constraints, which is compatible with
time and frequency transfer from short to long baselines.
Next, we propose two particular UDUC models, namely
the ionosphere-fixed and -weighted models, over short and
medium baselines, respectively, with a between-receiver SD
ionospheric constraint.

2.1 lonosphere-float UDUC model

The UDUC code and phase observation equations of two
stations (A and B), in one GNSS constellation serving as a
starting point of the proposed algorithm, are expressed as
follows,

Pi;,j :Pi\‘f“[; + dty —dl‘s-l—ujlz-i-dA,j _d,sj—’_é‘;),j
Gu ;= Py +ThFdiy —dt’ — I+ AN +8a, — 8 + ey
P%,_/ =ph +1p+dtp —dt’ +pjly +dp,j —d’sj +8;7,j
(,‘b;;] =pp+Tp+dip—dt’ —pjly +)\.jNg’j + 3B, j _55/‘ +8;§)’j

ey

where the description of the notations used is given in Table
1. However, Eq. (1) represents a rank deficient system, which
indicates that not all unknowns can be estimated separately,
but only their linear combinations. In this case, the S-system
theory is used to identify the rank deficiencies, find the S-
basis parameters, and construct a full-rank model (Odijk et al.
2017; Odolinski and Teunissen 2017).
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Table 1 Symbol definitions used in Eq. (1) (The symbol r denotes sta-
tions A or B)

Symbol Description

S, 1, J

pj’j and (bf’j

Satellite, receiver, and frequency

Code and phase observations

P Range between receiver r and satellite s
Tl Tropospheric delay
dt, and dt* Receiver clock and satellite clock offsets
wjand I} Frequency-dependent coefficient
(nj = f12 / sz) and slant ionospheric delays
on the first frequency
dy,j and d* f Code biases of the receiver and satellite
8y, j and 8°; Phase biases of the receiver and satellite
Aj and N} j Wavelength and undifferenced phase
ambiguity
8;’ j and 8;, j Code and phase observation noise and

miss-modeled random effects such as
multipath

For high-precision time and frequency transfer, the proce-
dure is conducted at stations where the ground-truth positions
of the receivers are available. In addition, the precise satel-
lite orbits that can be accessed by an external provider such
as the International GNSS Service (IGS) allow the satellite-
receiver ranges p; to be computed accurately (Dow et al.
2009). The IF satellite clock offset (df* = dt* + d* 7 F) can
also be provided by the IGS (Johnston et al. 20173, where
; L.;‘_zl ) — M“_l --d’,. In addition, the tropospheric
delay 7 is usually expressed as the sum of the dry and wet
delays, ¥ = (t4); + m}t,, in which (zz)} is the slant dry
delay, which can be corrected a priori using empirical mod-
els. The wet delay is modeled as the product of the known
elevation-dependent mapping function m; and the unknown
tropospheric wet zenith delay (ZWD)z,..

Assuming that m satellites are tracked, all are transmitting
signals on f frequencies. For stations A and B, the model
contains several types of rank deficiencies for each receiver
as follows (Odijk et al. 2016):

s —
d,IF_

1. Between the receiver and satellite code biases with the
rank deficiency of size f;

2. Between the receiver and satellite phase biases with the
rank deficiency of size f’;

3. Between the receiver clock, code biases, and phase biases
with the rank deficiency of size 1;

4. Between the receiver phase biases and ambiguities with
the rank deficiency of size f;

5. Between the satellite phase biases and ambiguities with
the rank deficiency of size f x m;

Table 2 The S-basis constraints for the ionosphere-float UDUC model,
together with the types of rank deficiencies they eliminate, where

dr.6r = i (dro — dp1), &Y, = e (d), = dY) and dr g p =
©2 Qi
e el X
Rank S-basis Notation Conditions
deficiencies constraints
1 Pivot receiver dr, j=>1
code biases
2 Pivot receiver 8, j=1
phase biases
3 IF receiver code drIF
biases
4 Phase N} j izl
ambiguities of '
pivot satellite
5 Phase N? s>1,j>1

L r.j
ambiguities of

pivot receiver

6 Geometry-free dr GF
(GF) receiver
code biases

7 GF satellite code  d*

. \GF
biases

6. Between the ionospheric delays and receiver code/phase
biases with the rank deficiency of size 1;

7. Between the ionospheric delays and satellite code/phase
biases with the rank deficiency of size m.

As mentioned before, to deal with these rank deficien-
cies, one can apply the S-system theory, which constrains
the S-basis parameters and lumps the parameters from their
original forms to estimable forms (Mi et al. 2020; Odolind-
ski et al. 2015). Table 2 shows the S-basis constraints for the
ionosphere-float UDUC model and their associated removed
rank deficiencies.

Applying the S-basis constraints in Table 2, with the coor-
dinates of points A and B known, the full-rank model can be
expressed as follows,

Pa.j = Ph+myta+dia+u;ly —dy ;+e),
G ;= Py +myta+dia — Iy =8 +e)
Py =Py +mytp+dipg+p;ly —dy ; +¢)
q}%’j = p% +mYytp +dig — il — ~}§’j + &y ; (2

where p) ;= p; ; + dr® — (z4)} and &:] =¢ ;+ drs —
(tq);. The estimable parameters and their interpretations are
given in Table 3. Equation (2) is the UC PPP model, which is
more flexible in multi-frequency scenarios than the classical
IF PPP.
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Table 3 Estimable parameters and their interpretation in the UDUC
model using S-basis in Table 2 for stations A and B

Estimable parameter Notation and Conditions
interpretation
Receiver clock offset di, =dt, +dr 1F
Satellite code bias 35 g8 >1,j>3
atellite code bias drs,_jfd,gj _ deF _ s= 1,7
defcp —dr,j +dr,[F +
wjdr GF
Satellite phase bias Srr ./:‘Sfj _ d,xlF + s>1,j>1
wid’gr — )‘ers,j -
O, j +dr1F — njdr GF
Between-receiver bt g . j >3
do bi dap, j=dp j —da, j— J=
code brases daB,IF — LjdAB GF
Bet -recei 5 j>1
egveer:).recelver Sap. ;=05 j —da.j — Jj=
phase biases dap,1F + 1jdaB GF +
1
)‘.fNAB,j
Tonospheric delay if:lrs +dr o —d'gp s>1
Phase ambiguity N}‘SB j:NjB i N/lagj s>1,j>1

There are satellites in common view for most of the
baseline lengths used in the time and frequency transfer
scenarios. Hence, it is expected to use the common-view
satellites to resolve the integer ambiguities and obtain high
precision in the time and frequency transfer. Note that the
satellite code and phase biases (d” i d’yp — njd'cp and
(Sf i~ df, r + mjd’sp) are the same for different receivers
tracking these satellites. Taking those of receiver A as the
reference, the between-receiver code and phase biases are
estimated instead of estimating those of receiver B. More
importantly, the ambiguities of the common-view satellite
are reformed into the DD form so that the integer property
can be recovered. In this case, the ionosphere-float UDUC
model can be formulated as follows:

Ph,j = pa+myta+dis+ il — C?il,j +ey

&f;\,j = pby +miTa +diy — I — S;’j +e5.

ﬁ%,j = py +mytp +dip +/Lj1~1“; _ji\,j +d~AB,j +8;’j
by ;= Py +myts +dipg — il -8

+8ap.j + )»‘/Nfé’j +ep 3)

where d AB,j and s AB, j are the between-receiver code and
phase biases,NjfB, j is the DD ambiguity (see Table 3).

The ionosphere-float UDUC model can be regarded as
combining the advantages of the PPP and the real-time
kinematic (RTK). On the one hand, the model utilizes the
RTK principle, which integrates ambiguity into the DD
form through the S-basis. The DD ambiguities can be fixed
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using integer ambiguity resolution theories, including inte-
ger rounding, integer bootstrapping and integer least-squares
(Teunissen 1999), which improves the time and frequency
transfer performance. On the other hand, when the baseline
is long, there are no common-view satellites, the ionosphere-
float UDUC model would be equivalent to the UC PPP one.

2.2 lonosphere-weighted UDUC model

It is acceptable to use the model in Eq. (3) for time and
frequency transfer over baselines of tens to hundreds of
kilometers. However, the spatial correlation of the regional
ionospheric delays from the same satellite is ignored in this
process, which is assumed to be approximately equal for the
different receivers at this distance (Mi et al. 2019a; Teunissen
1998). Therefore, the ionospheric delays are introduced as a
third group of observables, aside from the code and phase
observables. Their observation equation reads 72 3 = Iip:
where I3 ; is the between-receiver SD ionospheric delays,
and T,p is the between-station SD ionospheric pseudo-
observables (Interpolate by reference network or assume
zero). Adding those observables and configuring the cor-
responding stochastic model makes it possible to provide
a-priori reasonable information on the ionospheric delay
(Mi et al. 2019b; Odijk and Teunissen 2008). The UDUC
model becomes flexible for a wide range of baseline lengths,
enabling fast integer ambiguity resolution. This ionosphere-
weighted UDUC model can be written as

P =ph+mhta+dia+pily —dy +¢
433’]. = pY +miyTa +dia — pu;l} — ~ix,j ey
Py, =Py +myts+dipg+ uily + pilip

+ 1jdap _Jix,j +dag, +ep )

By = Py +mytp +dig — il — il
+wjdap — 8 j+8ap i+ AN +E)

Typ =TI +&s “)

where &% 5 is random observation noise of between-receiver
SD ionospheric delay. dqp = Ml_l ((dp.2 — dp.1) —
(da,2—da, 1)) is the between-receiver differential code biases
(DCB), which makes the separated ionospheric delay com-
pletely independent of receiver B and thus improves the

model strength.

2.3 lonosphere-fixed UDUC model

Provided that the distance between the two receivers involved
is less than a few kilometers, one can assume that the iono-
spheric delays are the same for both receivers (Mi et al. 2021).
With this knowledge, the ionosphere-fixed UDUC model can
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be constructed as,

P =Py +mita+dia+ Iy —dy  + ¢
Py =Py +mhTa+dix — il =8 +e)
Py j=pPptmpTe + dip +/ljifx
+ wjdag —Ji,j +dag, +e,
¢p, ;= pp +mpTp +dip
—,U«ji;i + wjdag —Si\,j + 848, ] +)\jN}\sB,j + &y ;
(5)

where the forms of the estimable parameters are identical
to those in the ionosphere-weighted model. The ionosphere-
fixed UDUC model is a particular form of the ionosphere-
weighted model: the weight of between-receiver SD iono-
spheric pseudo-observables (7‘; g = 0) is large enough and
thus can be ignored in the model.

3 Implementation of time and frequency
transfer with the UDUC models

This section details the implementation of time and frequency
transfer with short-, medium- and long-baseline.

3.1 Time and frequency transfer over short-baseline

The ionospheric-fixed UDUC model is advantageous for
time and frequency transfer over a short baseline as the zero
between-receiver SD ionospheric delays at this distance are
considered. Assuming a short baseline here, receiver A with a
time and frequency standard and receiver B obtains the time
difference with receiver A to adjust the local clock. From
Eq. (5), the critical information df4 = dts + da jr and
dip = dtg+d B, 1 F are estimated using the ionosphere-fixed
UDUC model. Two concepts need to be clarified. First, the IF
receiver code bias (d,, jr) is contained in the receiver clock
(dt,); therefore df, is the biased receiver clock. This bias is
challenging to calibrate by true GNSS signals, and it is usu-
ally regularly corrected by absolute calibration means using
simulated GNSS signals in the time laboratories (Defraigne
2017). Fortunately, previous studies have shown that this
bias is stable for months under certain conditions in the time
laboratories (Kanj et al. 2014). Second, for all timing appli-
cations using GNSS,dt, is the synchronization error between
the receiver and the reference of the precise satellite clock
products (denoted as ref), where dt, = dt, — dt,.r.dt, is
the true time of the receiver and dt,.s is the reference time
of the satellite products. Then, we can get dfsp by a sim-
ple difference and eliminate the influence of the reference
time, which can be expressed as (dfg — dtrey +dp 1F) —
(dtp —dtrer +da, 1) = dt ap +dap, 1r. As we mentioned

earlier,d4 g, 1 r can be corrected by calibration means so that
the time transfer from A to B can be achieved.

Furthermore, the short-baseline time transfer can also
assist the receiver biases calibration. Assuming that A and
B are receivers with the same frequency standard in the same
time laboratory, A is the primary receiver used to maintain
time. While bias calibration can also be done with code
observations only, it is difficult to achieve high accuracy.
However, this can be achieved using the ionosphere-fixed
UDUC model with the common frequency standard. Thanks
to the integer ambiguity resolution, this calibration is also
guaranteed with high precision. This can be done as follows.
First, since receiver A is pre-calibrated, using the ionosphere-
fixed UDUC model, we can get dig = difs — dtrer and
dip =dtp—d tref +dp, 1 7. Second, since the same frequency
standard is connected,df4 = dfg. Then, the IF receiver
code bias of receiver B can be obtained by the difference
(dtp — dtrey + dp,17) — (dtg — dtyef) = dp, ;. Com-
pared with other calibration methods, this method has higher
accuracy and is suitable for real-time calibration.

3.2 Time and frequency transfer
over medium-baseline

The time transfer of medium baselines (tens to hundreds
of kilometers) is of practical significance, especially the
time synchronization within countries. In those cases, the
ionosphere-weighted model is particularly significant by
fully considering the characteristics of the between-receiver
SD ionospheric delays. We assume receivers A and B form
a medium baseline and apply time transfer between them,
where A has the desired time and frequency standard. The
synchronization error between the receiver and the reference
time scale obtained by the ionosphere-weighted model (see
Eq. (4) and Table 2) are identical to that by the ionosphere-
fixed model, where dis = dtp + da,jF and dig = dtp +
dp, 7. Then, time transfer can be realized through their dif-
ference (dfap), and here calibration of d4 g, ;F is required.

3.3 Time and frequency transfer over long-baseline

Theoretically, it is acceptable to realize long-baseline time
and frequency transfer using the ionosphere-float UDUC
model after reaching stable carrier-phase ambiguities. How-
ever, the limited number of common-view satellites makes it
challenging to observe the improvement of the model relative
to UC PPP. In addition, it is also challenging to achieve inte-
ger ambiguity resolution with the ionosphere-float model.
We consider the ionosphere-fixed and -weighted UDUC
models to make the integer ambiguity resolution available.
See Egs. (4) and (5), the synchronization error between the
receiver and the satellite products of two receivers can be
obtained, just like PPP, respectively. Suppose a long-baseline
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Table 4 An overview of GNSS
data sets used in our analysis, Station Institute Reference Receiver type Antenna type Observation
including station name, institute, ID clock period
type of reference clock, receiver
and antenna type, and USN7 USNO H-maser SEPT TPSCR.G5 2021, Days
observation period POLARXSTR 325-331
USNS H-maser SEPT TPSCR.G5
POLARXSTR
AMC4 H-maser SEPT TPSCR.G5C
POLARXSTR
NIST NIST H-maser NOV OEM4-G2  NOV702
BRUX ROB H-maser SEPT JAVRINGANT_DM
POLARX4TR
ROAG ROA H-maser SEPT LEIAR25.R4
POLARXSTR
SFER Cesium LEICA GR25 LEIAR25
OP71 OP H-maser SEPT LEIAR25.R4
POLARX4TR
OPMT H-maser ASHTECH 3S-02-TSADM
Z-X113T
PTBB PTB H-maser SEPT LEIAR25.R4
POLARXSTR
PT11 H-maser SEPT LEIAR25.R4
POLARX4TR

time transfer between A and B needs to be implemented.
Then, we choose one reference station C and D, near A and B,
respectively. The distances requirement between A and C and
between B and D are loose, which can be several to hundreds
of kilometers. In the baseline formed between A and C, df4 =
dtay 4 da, 1F can be obtained using the ionosphere-fixed or
-weighted UDUC model. Similarly, dfgp = dtp +d B,IF can
be available in the baseline between B and D. In this case, df 4
and d1p are the same as with the PPP approach, but the integer
ambiguity resolution can be achieved. Finally, by computing
the simple difference (dixp = dip — df,), the time transfer
with integer ambiguity resolution between A and B can be
achieved. It can be said that this is similar to IPPP, which
is to achieve integer ambiguity resolution at both sides and
then estimate the difference. Note that it does not concern
whether the reference stations C and D have external time
and frequency standards. Their role is to better estimate the
satellite phase biases and constrain the ionospheric delays,
thus enabling the integer ambiguity resolution and delivering
a high precision for the estimable receiver clock offsets.

4 Results

This section provides the experimental results of applying
time and frequency transfer based on the models developed
earlier. First, the collected data and our processing strategies
are introduced. Next, short-, medium- and long-baseline time
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and frequency transfer performances are assessed. In addi-
tion, the time and frequency transfer performance of the PPP
with the same configuration is also given.

4.1 Experimental setup

To validate the feasibility and effectiveness of the pro-
posed models, we select GPS data sets from several time
laboratories, including USNO (USA), NIST (USA), ROB
(Belgium), ROA (Spain), OP (France) and PTB (Germany).
Our analysis uses observations of GPS dual-frequency (L1
and L2) to verify the model, which facilitates comparison
with the traditional PPP. The relevant characteristics of the
experimental data sets considered for this study are shown in
Table 4. The H-maser clocks are high-performance atomic
clocks whose intra-day stability (1 x 10~1) is beyond what
can be achieved with GNSS (Weinbach and Schon 2013).
Therefore, we can evaluate the improvement of the UDUC
model relative to the PPP from the analysis of the time
difference noise and the corresponding frequency stability.
The main processing strategies for the PPP and the UDUC
model are summarized in Table 5.

4.2 Short-baseline time and frequency transfer

The first time and frequency transfer experiments were car-
ried out at two time laboratories: (1) USN7 and USNS,
operated with a common H-Maser clock at the USNO; and
(2) ROAG and SFER, operated with an H-maser clock and
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Table 5 Data processing strategies in this study for both the PPP and

the UDUC models

Item Strategy
Observation GPSL1+12
Cut-off elevation 8°

Stochastic model

Tropospheric delays

Satellite phase biases

Float ambiguity

Between-receiver phase biases
Between-receiver DCB
Receiver clock offset

Slant ionospheric delays

Between-receiver SD ionospheric
observable and weight

Parameter estimator

Integer ambiguity resolution and
validation

Outlier detection and elimination

The discontinuity at the day
boundaries

Elevation-dependent
weighting (Shen et al. 2009)
based on a priori standard
deviations of 0.003 m and
0.6 m for phase and code
observations (Banville et al.
2021), respectively

Dry delay: corrected by
UNB3m model (Leandro
et al. 2008)
Wet delay: estimated using
a random-walk process with
a spectral density of

0.1 mm/ /s

Estimated as a time-constant
in a continuous arc

Estimated as a time-constant
in a continuous arc

Estimated as a time-constant
Estimated as white noise
Estimated as white noise
Estimated as white noise

Observable: set to zero;
Weight: expressed as
0.09xexp(0.005x148)

sin® (E*)
lap and E* represent the
base length and the satellite
elevation angle (Zha et al.
2021)

Bidirectional Kalman filter

, where

Integer ambiguity resolution:
LAMBDA (Teunissen
1995)

Validation: Ratio test with a
threshold of 3 (Teunissen
and Verhagen 2009)

DIA procedure (Teunissen
2018)

Extrapolation and bridge
(Petit et al. 2015; Petit 2021)

a Cesium clock at the ROA, respectively. The time link
of USN7-USNS is a zero-baseline connected to a common
antenna, while the time link of ROAG-SFER is a short
baseline of 124 m. As mentioned earlier, the ionospheric
delays can be sufficiently eliminated at short baselines, so
the ionosphere-fixed UDUC model was adopted in this case.
With the ionospheric constraints, the instantaneous integer
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Fig.1 A common-clock zero-baseline time link of the UNS7-UNSS at
the USNO computed with the ionosphere-fixed UDUC model (top) and
the PPP (bottom) from 21 to 27 November 2021
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Fig.2 Comparison of the MDEV between the ionosphere-fixed UDUC
model and the PPP for the USN7-USNS time-link

ambiguity resolution can be realized by the ionosphere-fixed
UDUC model.

Figure 1 shows the time differences of the USN7-USNS
time link using the ionospheric-fixed UDUC model and the
PPP. Since USN7 and USNS are operated with the same
H-maser clock, their time link directly reflects the noise
and stability of the hardware delays with the same type of
receivers. The gain of the ionosphere-fixed UDUC model
with integer ambiguity resolution is that the noise of the time
difference is effectively reduced compared with using the
PPP. Results show that the standard deviation of the link val-
ues of time difference for the ionosphere-fixed UDUC model
is 12.1 ps, 72.2% lower than the 43.5 ps for the PPP model.
Figure 2 illustrates the modified Allan deviation (MDEV)
of the USN7-USNS time link over the week of the UDUC
model and the PPP. It can be observed that the short-term and
long-term frequency stability of the ionosphere-fixed UDUC
model has improved compared to that of the PPP model. For
example, the ionosphere-fixed UDUC model has frequency
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Fig.3 A short-baseline time link of the ROAG-SFER at the ROA
computed with the ionosphere-fixed UDUC model (top) and the PPP
(bottom) from 21 to 27 November 2021

stability of 1.3 x 10~!% at 120 s average time, while the PPP
it amounts to 2.8 x 10~!4, showing a 53.6% improvement.
In addition, the frequency stability for an averaging time of
1 day of the ionosphere-fixed UDUC model is 64.9% higher
than that of the PPP model, which is about 3.3 x 10~!7 and
9.4 x 10~17, respectively. Different from the conclusion of
Petit et al. (2015), the UDUC model improves long-term
stability and improves short-term one for the following rea-
sons. First, the ionospheric constraints are considered; thus,
the fast integer ambiguity resolution can be realized by the
ionosphere-fixed UDUC model. Second, the satellite phase
biases are estimated in the UDUC model, while the FCB
in the IPPP is generated from a global network. Therefore,
satellite phase biases are more consistent with the model,
although also a product of auxiliary integer ambiguity reso-
lution. Third, the UDUC model avoids the amplification of
observation noise in the error propagation when differencing
or using a measurement combination.

Another 124 m short baseline time link experiment is per-
formed between ROAG and SFER at the ROA, equipped
with H-maser and Cesium clocks. Like the USN7-USNS8, we
can also see the noise reduction of the time difference in
Fig. 3. Since the time difference of the non-common-clock
time link will be affected by atomic clocks themselves and
is no longer constant, so the epoch difference is introduced.
Epoch difference is a critical evaluation index in time and
frequency transfer, reflecting the change of atomic clock per
unit time and further the time transfer accuracy. The standard
deviations in the following time difference results (Figs. 3,
5, 7,9, 11) are the standard deviations of the epoch differ-
ence of the time difference. The epoch difference standard
deviation of the ROAG-SFER link is 31.7% lower for the
ionosphere-fixed UDUC model than that for the PPP over
the test week, which is 5.65 ps and 8.27 ps, respectively.
Figure 4 shows the MDEV of the ROAG-SFER time link over
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Fig. 4 Comparison of the MDEV between the ionosphere-fixed UDUC
model and the PPP for the ROAG-SFER time-link

the week of the two models, from which the gain from the
ionosphere-fixed UDUC model is visible. Taking the results
at 3840 s average time as an example, the MDEYV of the PPP
and the ionosphere-fixed UDUC model is 6.9 x 10~!5 and
3.7 x 1013, respectively, with an improvement of 46.4%.
In addition, for an averaging time of 1 day for this time link,
the improvement of the UDUC model over the PPP is 25.0%
with 3.6 x 1071 and 4.8 x 10716, respectively.

4.3 Medium-baseline time and frequency transfer

The next series of experiments have been carried out in
four time laboratories, forming two medium baseline time
links. One is the time link between NIST and AMC4, with
a 146.8 km baseline length. The other, 262.3 km, is the time
link between BRUX and OPMT. Based on the ionosphere-
weighted UDUC model, 94.2% and 84.5% integer ambiguity
resolutions are realized for the two time links, guaranteeing
high-precision time and frequency transfer.

Figure 5 depicts the time difference of the NIST-AMC4
time link, from which the gain achieved from the ionosphere-
weighted UDUC model compared to the PPP can be seen.
The standard deviation of the epoch difference over the week
of the link values concerning the mean is also 16.4% lower
for the ionosphere-weighted UDUC model (5.61 ps) than for
PPP (6.71 ps). Concerning the frequency stability in Fig. 6,
we can see the improvement with the UDUC model for both
the short- and long-term. For averaging times at a few 1000 s
and below, the frequency stability of the ionosphere-weighted
UDUC model is 15% to 30% better than that of the PPP. In
addition, the frequency stability for an averaging time of 1
day of the UDUC model is 9.0% higher than that of the
PPP model, which is not significant but demonstrates the
improvement in long-term stability.

Similar to Figs. 5 and 6, 7 and 8 show the time and fre-
quency transfer results but for the BRUX-OPMT time link.
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Fig.5 A medium-baseline time link of the NIST-AMC4 at the NIST
and the USNO computed with the ionosphere-weighted UDUC model
(top) and the PPP (bottom) from 21 to 27 November 2021
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Fig.6 Comparison of the MDEV between the ionosphere-weighted
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Fig.7 A medium-baseline time link of the BRUX-OPMT at the ROB
and the OP computed with the ionosphere-weighted UDUC model (top)
and the PPP (bottom) from 21 to 27 November 2021
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Fig.8 Comparison of the MDEV between the ionosphere-weighted
UDUC model and the PPP for the BRUX-OPMT time-link

It can be observed from Fig. 7 that the ionosphere-weighted
UDUC model reduces the noise of time difference. The stan-
dard deviation over the test week of the epoch difference for
the ionosphere-weighted UDUC model and the PPPis 4.37 ps
and 5.94 ps, respectively. Figure 8 reflects the improvement
of the ionosphere-weighted UDUC model in frequency sta-
bility compared with PPP, from which two phenomena are
worth mentioning. First, the ionosphere-weighted UDUC
model has 10-25% higher frequency stability than the PPP
for averaging times at a few 1000 s and below. Second, at a
few thousand to tens of thousands of seconds average time
of frequency stability, the improvement of the ionosphere-
weighted UDUC model became less noticeable (10-15%).
This can be attributed to the weak ionospheric constraint
due to the length of the BRUX-OPMT (262.3 km). There-
fore, the contribution of this constraint becomes invalid in
the later stage of filtering. Hence, the difference in long-term
frequency stability between the ionosphere-weighted UDUC
model and the PPP is smaller.

4.4 Long-baseline time and frequency transfer

In this scenario, the first time link is the PTBB-ROAG, a
baseline length of 2182.3 km. In this situation, the num-
ber of common-view satellites is small, so it isn’t easy to
benefit from the ionosphere-float UDUC model. Therefore,
two short baselines are used to calculate the time of PTBB
and ROAG stations, respectively. Then a simple difference is
performed to realize the long baseline time transfer between
them. Both PTB and ROA time laboratories have multiple
GNSS receivers available. Therefore, the clocks of PTBB
and ROAG with ambiguity-fixed can be obtained by calcu-
lating PTBB-PT11 and ROAG-SFER, respectively, using the
ionosphere-fixed UDUC model. Figure 9 shows the time dif-
ferences of the time link, the variation of the time difference
sequence of the UDUC model is smaller than that of PPP. The
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Fig.9 A long-baseline time link of the PTBB-ROAG at the PTB and
the ROA computed with the UDUC model (top) and the PPP (bottom)
from 21 to 27 November 2021
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Fig. 10 Comparison of the MDEV between the UDUC model and the
PPP for the PTBB-ROAG time-link

standard deviation of the epoch difference for the UDUC
model is 4.72 ps, 9.40% lower than the 5.21 ps obtained
using PPP. Figure 10 illustrates the frequency stability of
the UDUC model and the PPP. The UDUC model improves
frequency stability for averaging times at a few 1000 s and
below. For averaging times within 4000 to 30,000 s, the per-
formance of the UDUC model becomes close to that of the
PPP. It can be seen that the frequency stability of the UDUC
model performs better than the PPP at and over 1 day aver-
age time. The reasons can be explained as follows. First, the
UDUC model can achieve fast integer ambiguity resolution
with ionospheric constraints, thus improving the short-term
stability. Second, at a few hours of averaging, the accuracy of
the UDUC model is similar to that of the convergent PPP and
IPPP, and the satellite clock products play the main influenc-
ing factor. Third, for the long-term frequency stability, the
integer ambiguity resolution can maintain parameter estima-
tion accuracy and perform better than PPP, which has also
been verified in IPPP.
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Fig. 11 A long-baseline time link of USN7-ROAG at the USNO and
the ROA computed with the UDUC model (top) and the PPP (bottom)
from 21 to 27 November 2021
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Fig. 12 Comparison of MDEV between the UDUC model and the PPP
on USN7-ROAG time-link

Another long-baseline test is for the time link between
USN7 and ROAG, with a length of 5863.3 km. Similarly,
the clocks of USN7 and ROAG are obtained by calculating
USN7-USN8 and ROAG-SFER using the ionosphere-fixed
UDUC model so that the time and frequency transfer between
USN7 and ROAG is realized. As we can see, this is exactly
the time link involved in the two experiments of the short-
baseline time and frequency transfer. As shownin Fig. 11, the
standard deviation of the epoch difference for the PPP and
the UDUC model is 6.06 ps and 6.91 ps, showing a 12.3%
improvement. The frequency stability is depicted in Fig. 12,
from which we can get a similar conclusion as in the PTBB-
ROAG time link. Indeed, the UDUC model performed better
atlevels where the average time is below a few hours and over
1 day. Taking the result at 120 s, 3840 s and 1-day average
time as an example, the frequency stability of the PPP model
is5.5% 10714, 1.1x107*and 2.1 x 107!, and of the UDUC
model is 4.7 x 10714, 1.1 x 107!* and 1.8 x 107!5, with
14.5%, 0% and 14.3% improvement, respectively (Fig. 12).
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5 Conclusions

In this contribution, we presented a time and frequency trans-
fer model with integer ambiguity resolution based on the
UDUC observations. This model has the following charac-
teristics, making it well suited for the time and frequency
transfer in multi-constellation and multi-frequency scenar-
ios. First, the UDUC model has flexibility that can easily
be extended to any number of frequencies and constella-
tions. Second, the UDUC model forms the DD ambiguities,
enabling the integer ambiguity resolution, and thus recovers
the high-precision of carrier phase observations. Third, there
is a chance to apply ionospheric constraints for short and
medium baselines, thus, further strengthening the observa-
tions model.

In short- and medium-baseline time and frequency trans-
fer, with the ionosphere-fixed and ionosphere-weighted
UDUC models applied and the integer ambiguities resolved,
the time differences obtained by the ionosphere-fixed and
ionosphere-weighted UDUC model have shown smaller
noise than that by using PPP. Consequently, in terms of fre-
quency stability, the improvement of the ionosphere-fixed
(25-60%) and ionosphere-weighted (9—30%) models over
the PPP for averaging time from several tens of seconds to
1 day can be observed. These experiments fully illustrate
the advantages of the UDUC model with ionospheric con-
straints and integer ambiguity resolution in improving time
and frequency transfer performance over short and medium
baselines.

In long-baseline time and frequency transfer, the num-
ber of common-view satellites is small, and the realization
of integer ambiguity resolution is difficult. Hence, the
ionospheric-float UDUC model is similar to the PPP. In this
case, we introduced a reference station at each end of the time
comparison to utilize the advantages of the ionospheric con-
straints and obtain integer ambiguity resolution. The results
show that the frequency stability of the UDUC model per-
forms better than the PPP for averaging time below a few
thousands second and over 1 day, which fully demonstrates
the advantages of the proposed models.

This study provides experience in the implementation of
time and frequency transfer at the UDUC level. It facilitates
our understanding of the advantages of integer ambiguity
resolution in time and frequency transfer. The performance
of the UDUC model in time and frequency transfer within
the framework of multi-frequency multi-constellation will be
the focus of our future work.
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3 UDUC GNSS Time Transfer with Satellite Clocks Estimated

The accuracy and effectiveness of GNSS time transfer are inherently linked to the precision of
satellite clock products. However, current research in GNSS has yet to thoroughly investigate
the influence of these clock products on the overall performance of time transfer. As such, a
GNSS time transfer model with integer ambiguity resolution (IAR) and satellite clocks
estimated, not provided externally, has been proposed in this chapter, to explore the potential
of GNSS time transfer. The research work and findings of this chapter are presented in the

following publication:

Mi, X., Zhang, B., El-Mowafy, A., Wang, K., & Yuan, Y. (2023). On the potential of
undifferenced and uncombined GNSS time and frequency transfer with integer ambiguity
resolution and  satellite  clocks  estimated. @ GPS  Solutions, 27(1), 25.

https://doi.org/10.1007/s10291-022-01363-8

44


https://doi.org/10.1007/s10291-022-01363-8

45

GPS Solutions (2023) 27:25
https://doi.org/10.1007/s10291-022-01363-8

ORIGINAL ARTICLE q

Check for
updates

On the potential of undifferenced and uncombined GNSS time
and frequency transfer with integer ambiguity resolution and satellite
clocks estimated

Xiaolong Mi'® . Baocheng Zhang?® - Ahmed El-Mowafy' - Kan Wang>* - Yunbin Yuan?

Received: 9 June 2022 / Accepted: 2 November 2022 / Published online: 23 November 2022
© The Author(s) 2022

Abstract

The use of global navigation satellite systems (GNSS) has been a competitive way to provide high-precision and low-cost
time and frequency transfer results. However, the traditional GNSS method, the precise point positioning (PPP), is usually
based on the ionosphere-free (IF) combination, which is not flexible when applying multi-frequency scenarios. In addition,
PPP relies on precise satellite clock products with an accuracy of tens of picoseconds, limiting the time and frequency transfer
performance. More importantly, achieving integer ambiguity resolution (IAR) is challenging, which makes high-precision
phase observations underutilized. To achieve a better time transfer performance, we must consider all those factors from
the GNSS end. In this contribution, a new GNSS time and frequency model at the undifferenced and uncombined (UDUC)
level is first derived. In the UDUC model, the satellite clocks are estimated together with other parameters, and the integer
ambiguities are resolved in the double-differenced (DD) form for their reliable estimation. Our numerical tests suggest three
major findings. First, with integer ambiguities resolved, the UDUC model with satellite clocks fixed showed a 20% to 50%
improvement compared with the UDUC PPP model. Second, with IAR and satellite clocks estimated, the proposed UDUC
model shows a 10%-40% improvement over the model with satellite clocks fixed. Third, with integer ambiguities resolved
and satellite clocks estimated, GPS, Galileo, and BDS-3 all have the potential to achieve frequency transfer in the low-mid
10~'7 range for averaging times within one day.

Keywords Time and frequency transfer - Global navigation satellite system (GNSS) - Integer ambiguity resolution (IAR) -
Undifferenced and uncombined - Common-clock - BDS-3

Introduction

The Optical fiber, Two-Way Satellite Time and Frequency
Transfer (TWSTFT), and Global Navigation Satellite System
(GNSS) are three technical means of time and frequency
transfer (Matsakis et al. 2014). Optical fiber has high accu-
racy but is expensive and its operating range is limited
(Huang et al. 2016). The advantage of TWSTFT is that it

< Baocheng Zhang
b.zhang@whigg.ac.cn

School of Earth and Planetary Sciences, Curtin University,
Perth, Australia

State Key Laboratory of Geodesy and Earth’s Dynamics,
Innovation Academy for Precision Measurement Science
and Technology, Chinese Academy of Sciences, Wuhan,
China

National Time Service Center, Chinese Academy
of Sciences, Xi’an, China

University of Chinese Academy of Sciences, Beijing, China

State Key Laboratory of Satellite Navigation System
and Equipment Technology, The 54th Research Institute
of China Electronics Technology Group Corporation,
Shijiazhuang 050081, China

utilizes the symmetry of a two-way signal propagation to
achieve high precision (Fujieda et al. 2014). GNSS is cur-
rently the most widely used time transfer technology due to
its simplicity and low cost (Defraigne et al. 2015; Guyennon
et al. 2009). Compared with the common-view (CV) and
all-in-view (AV) approaches, precise point positioning (PPP)
uses phase observations and is not limited by distance, so
it is widely used in the comparison of International Atomic
Time (TAI) and Coordinated Universal Time (UTC) (Deft-
aigne et al. 2013; Rose et al. 2014; Yao et al. 2015).
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Classical PPP is usually based on an ionosphere-free
(IF) combination and is usually applied to dual-frequency
observations (Khodabandeh and Teunissen 2016). IF PPP
is favored because the ionospheric delays, which are of
no interest in time and frequency transfer, are eliminated.
However, only one independent parameter, the ionospheric
delay, gets eliminated, while more than one observable is
sacrificed (Teunissen 2020). Compared with the IF com-
bination, one can turn to the undifferenced and uncom-
bined (UDUC) method, which is applied using original
and uncorrelated observations and thus is flexible in multi-
frequency scenarios (Odijk et al. 2016; Tu et al. 2019). The
UDUC method has the added advantage of flexibly impos-
ing dynamic constraints on all parameters to strengthen
the model to the best extent possible (Zhang et al. 2019).

PPP can provide the synchronization error between
the receiver time and the precise satellite clock products.
These products are estimated by a global network compris-
ing hundreds of GNSS receivers (Shi et al. 2019; Zhang
et al. 2011). The International GNSS Service (IGS) final
satellite clock products can achieve tens of picoseconds of
precision (Guo and Geng 2018), while real-time satellite
clocks can only achieve sub-nanosecond (Chen et al. 2018;
Huang et al. 2014). The precision of the PPP-based time
and frequency transfer thus relies on the precision of the
satellite clock products used. Therefore, it is difficult for
PPP to achieve a time transfer of precision of higher than
a few dozen picoseconds, even with the final products.

The fixed integer carrier phase ambiguity is normally
not targeted in the traditional PPP (Delporte et al. 2007;
Petit et al. 2014). However, to retrieve information of high
precision from GNSS, the integer characteristics of phase
ambiguity should be recovered. Khodabandeh and Teunis-
sen (2018) have theoretically proved the benefit of integer
ambiguity resolution (IAR) on time and frequency transfer.
Petit et al. (2015) have proposed the concept of integer
PPP (IPPP) and achieved IAR in time and frequency trans-
fer by considering the fractional cycle biases (FCB) (Geng
et al. 2012). However, IPPP is also dependent on external
precise satellite clock products (Petit 2021), just like the
PPP. In addition, IPPP is still based on the IF combination,
so it is not flexible in multi-frequency scenarios.

The precision and stability of optical clocks are about
two orders of magnitude higher than the best cesium
atomic clocks (Nicholson et al. 2015; Schuldt et al. 2021).
Such unprecedented accuracy of optical clocks increases
the requirements for time and frequency transfer tech-
niques. However, the current PPP-based time and fre-
quency transfer techniques cannot meet the standard of
optical clocks. To better understand the potential of GNSS
in time and frequency, it is necessary to study the impacts
of the GNSS algorithm and equipment (Yao and Levine

@ Springer

2016), as this will determine whether GNSS can serve the
optical clocks in the future.

We propose a new time and frequency transfer model in
which satellite clocks are estimated together with other param-
eters. The model is based on UDUC GNSS observations as
they have several advantages (Odijk et al. 2017; Zhang et al.
2019). After removing the rank deficiencies, the ambiguities
are presented in a double-differenced (DD) form and then
fixed using IAR strategies, ensuring that high-precision car-
rier phase observations are efficiently utilized. The paper aims
to study the impacts of IAR and the precise satellite clock
product and further explores the potential of GNSS time and
frequency transfer using the proposed model. To explore the
time transfer potential of GNSS itself, the common-clock time
links are established to free the impact of external clocks. A
common-clock time link refers to a time link connected to the
same external atomic clock.

The next section presents a developed time and frequency
model with IAR and satellite clocks estimated (from now on
referred to as SCE model). In addition, the UDUC PPP model
and the UDUC model with IAR and satellite clocks fixed (SCF
model in what follows) are also derived to demonstrate the
advantages of IAR and satellite clocks estimation. The follow-
ing section presents the time and frequency transfer results for
GPS, Galileo, and BDS-3 based on time links with zero and
short baselines. Finally, in the last section, we summarize our
findings and give our conclusions.

Methodology

In this section, we present three variants of the GNSS time
and frequency transfer model: the UDUC PPP model, the SCF
model, and the SCE model. We will show the process of con-
structing a full-rank GNSS time and transfer model with the
help of the S-system theory (Odijk et al. 2016).

UDUC GNSS observation equations

AS the starting point of developing the GNSS time and fre-
quency transfer model, we first give the equations for UDUC
GNSS code and phase observations, which reads
py=p T rd, —d + il +d, - d + e
¢, =p T dl,—dt =l + AN 46— 6%+ ey
ey
where s, r, j represent the satellite, receiver, and frequency,
respectively; pi‘,. and q,’)ii are the UDUC code and phase
observables, respectively; o, is the satellite-receiver range,
) is the tropospheric delay; dr, and dr* are the receiver and
satellite clock offsets, respectively; I; is the ionospheric
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delay on the first frequency and p; = A / 212 is the coefficient
J

where /; is the wavelength on frequency j;N‘:J. is the undif-

ferenced integer phase ambiguity. d, ; and dj. are the receiver

and satellite code biases, respectively, and their counterpart
6,;and 53. are the receiver and satellite phase biases; 5;,/' and

8.3‘
¢.
eled random effects.

;are the code and phase observation noise and miss-mod-

Model A: UDUC PPP model

Equation (1) represents a rank-deficient system, which
means not all the unknowns can be solved separately, but
only their linear combinations. Therefore, as the first step in
constructing the full-rank model, it is necessary to identify
and eliminate these rank deficiencies, which can be done
using the S-system theory. For instance, assuming that m
satellites with f frequencies are tracked, then several rank
deficiencies need to be eliminated in (1) (Table 1).

As known, precise satellite clock products d7* = drf + dle
based on IF combination are essential for the PPP, where

45, = 2 d’ - L d’,. As such, the rank deficiencies
’ Ha—H1 > Ho—H1 >

between the receiver and satellite clocks and that between
the satellite clocks, code biases, and phase biases no longer
exist. Applying the S-system theory can solve the remaining
six rank deficiencies, with the original parameters lumped
to form the new estimable parameters (Mi et al. 2019; Odijk
et al. 2016). Table 2 gives these estimable parameters and
their interpretations in the UDUC PPP model. The tropo-
spheric delay is solved in its original form, which is
expressed as the sum of the dry and wet delays
7} = (7)) + m)7, (Boehm et al. 2006; Zhang et al. 2021).
(z,); is the dry part, which can be corrected a priori using
empirical models (Tuka and El-Mowaty, 2013). nz’z, is the
wet part, which is modeled as the product of a pre-defined

With the rank deficiencies solved, the full-rank UDUC
PPP model for time and frequency transfer is expressed as

Py, =p+mr, +di, + wl} —d) +e, . o
¢ =p Amr +di, — I o) + ey

where p} . = p . +di’ - (z,)} and qS;J = ¢, +di’ — (7).

Model B: SCF model

The disadvantage of the classical PPP model with float
ambiguities is that it does not take full advantage of the
integer nature of phase ambiguities, which can be solved
by considering common-view satellites between two
receivers. Assuming the time and frequency transfer is
implemented between two receivers A and B, then the sat-
ellite code and phase biases df/. - deF - yjd:"GF and
53] - df,F + ,ujdfGF are the same for the receivers A and B
with the same satellites tracked. Taking some common
parameters as the S-basis, the number of estimated param-
eters can be reduced, and the phase ambiguities can be

Table2 Estimable unknown parameters and their interpretation

formed by a commonly used S-basis in PPP (Liu et al. 2017), where

dpor = ——(dy —d,). & = —=(d' ~d") and d,.jp = =4
H—Hy > ’ iF 2 B ’

rl
1 Hy—H ’
I 2~ H 2TH

d,, (GF: geometry—.free)

Ho—Hy
Estimable Notation and interpretation
parameter
Receiver di, = dt, +d,
clock
Satellite. dj:J. =d;. —dyy—pdoy —dj+dp+ pdgp j 23
code bias
1 S5 _ S s S s .
satellite 0, =05 = diyp + wid'gp = ANy = 6y + drgp = #id, g3

phase bias  j>1

mapping function m’ and the unknown wet part of the  Ionospheric I'=1'+d, 5 —d';,
unknown tropospheric wet zenith delay (ZWD) «,. dela_y
S-basis d.;,6,;.d, ,F,N‘:J, d, or &g
parameters

Table 1 Rank deficiencies .in Type Source of those rank deficiencies Size
the UDUC GNSS observation
equations, togetherfwli]th the . 1 Between the receiver and satellite clocks 1
Sourees an d sizes of ¢ 08¢ ran 2 Between the receiver and satellite code biases f
deficiencies as presented in (1)
(Odijk et al. 2016) 3 Between the receiver and satellite phase biases f

4 Between the receiver clocks, code biases, and phase biases 1

5 Between the satellite clocks, code biases, and phase biases m

6 Between the satellite phase biases and ambiguities fxm

7 Between the ionospheric delays and receiver code/phase biases 1

8 Between the ionospheric delays and satellite code/phase biases m
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constructed in the DD form, which is the most reliable
form for IAR. In this situation, IAR can be realized
through DD integer ambiguities, while precise external
products provide satellite clocks, so this model can be
called the SCF model. With IAR and satellite clocks intro-
duced from external sources, the SCF model can be
expressed as follows:
Py = Py +myay +diy + il —dy +e

By = P+ Ty +diy — il =5, + €l
Pyj = Py +myTp +dig + ul, —Eijg +EZABJ-+£;J

Gy = Py +mytp +diy — ply = 65+ Gap;+ AN, + )

3)

where i)‘;J and d;:,/ have the same definition as given in Equa-
tion (2). The interpretation of dsp .45, and Ny, . are given
in Table 3.

Equation (3) can be defined as the ionosphere-float SCF
model as no relationship is assumed between [} and [}, in this
situation. However, for baselines with less than 10 km, Ij\ and
I}, are sufficiently correlated such that they can be consid-
ered approximately equal. In this situation, we can enhance
the model strength and achieve fast IAR by considering the
regional ionospheric correlation between different receiv-
ers. Note in Equation (3) that I}=I} + d, gp — d’g., which
includes d,,GF and d;‘GF. However, if we choose Ij as S-basis,
then the between-receiver ionospheric delay can be written
as iZB=1,ZB + d,p gr- For short baselines less than 10 km, it
is safe to assume I} , = 0 (Odolinski et al. 2015; Teunissen
1997) that the between-receiver differential code bias (DCB)
d,p gr can be separated. This model can be defined as the
ionosphere-fixed SCF model, which reads
Phy =0y A mymy diy+uwly —d e

7s —_ A S Ts N 5
qﬁAJ =py +myTy +diy — il — 6AJ ey,

“

ﬁf,’.‘/. = py +myTy +dig + ;47-7;\ + Hidsp Gr — ;1/1] + a/\B,/‘ + E;J

7S — 8 S Ts S S Ls s
By = Py + Ty +dly = L} = tdap Gr = 0+ Oapj + AN+ €y

where the interpretation of the estimated parameters is given
in Tables 2 and 3.

Model C: SCE model

The above two variants are free of the first and fifth types of
rank deficiencies (in Table 1) with external satellite clocks
fixed. However, high-precision time and frequency transfer
are significantly impacted by the satellite clock products
used. In this section, a time and frequency transfer model
is constructed without using precise satellite clocks. For
the rank deficiencies shown in Table 1 (except for the first
and fifth ones), we would like to use the same S-basis with
Model A and Model B. In addition, to construct DD phase
ambiguities, the same S-basis are defined as Equation (3).
For the new rank deficiency between the receiver and satel-
lite clocks, the clock of receiver A is set as the S-basis. In
addition, the new rank deficiencies between satellite clocks,
code biases, and phase biases are eliminated by fixing the
satellite IF code biases df‘IF for each satellite. In this case,
the satellite clocks are estimated rather than corrected by
external sources, so this model can be called the SCE model.
In this way, we can access the full-rank SCE model, which
reads
Py = oy —dP + il —dy + €,
By, =y —dF =l =5+ ey
Py = py+mytyp +diyp — di* + pl, — [ifw +dyg;+ €
By = P+ mytap + g = dP = Tl = 85+ By + AN+
Q)]
/ P=p-G and & =65 - ()
dr’ =dt' —dt, + d'). — dy p — m;, 7, 1s the estimable satellite
clock, and the between-receiver estimable clock is formu-
lated as di,p = dt,p + d,p . As can be seen, without precise
satellite clocks, one cannot access the receiver clock of each
station, but only the between-receiver clocks. As the iono-
spheric delay between different receivers is not considered
in such a case, this model can be defined as the ionosphere-
float SCE model.
For short baselines less than 10 km, if If‘ 5= 0 is assumed,
and then, we choose [} as a S-basis as in (4), the ionosphere-
fixed SCE model can be constructed similar to (4) as follows,

where

Table 3 Estimable unknown

. Estimable parameter
parameters and their

Notation and interpretation

interpretation as well as the
used S-basis in the SCF model

Between-receiver code bias
Between-receiver phase bias
DD phase ambiguity
S-basis

dAB,f:dB,j - dA,/ —dypr — ”jdAB,GF;j >3
04pj=0p; — Oaj — dagir + HidapGr + AjN,iB‘/;j > 1

Is a5 _ a7l
NAB‘f_NAB,j NAB,/
7 s 1
dyj> 0pjp Nyp;
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=5

Py = pjx —dF + ;47-7/’\ - ;iju + E;J
By, =0 —dP -l =8, ey
1:7;;4' = pp +mpTyp +diyp — dr + uj]; + widapr — Z&J + HABJ + 5}‘;_].
(Z;” = py + My + digg —di = I — g or — 8+ Sypy+ AN+ el
(6)

where the estimated unknowns and their interpretation are
the same as in (5).

Table 4 gives a comparison of the UDUC PPP model
(Model A), the SCF model (Model B), and the SCE model
(Model C), for a better understanding of them.

Experimental results

This section starts with an outline of the experimental setup,
including the characteristics of the experimental data sets
considered for this study and our data processing strategies.
Following that is an evaluation of the time and frequency
transfer performance with the three models using GPS-only
at two laboratories. This evaluation aims to illustrate the
benefits of IAR and satellite clocks estimation by compar-
ing the three models. Then, the potential of time and fre-
quency performance of the SCE model using GPS, Galileo
and BDS-3 is evaluated.

Experimental setup
We collected GNSS data from three laboratories, includ-

ing the United States Naval Observatory (USNO), USA, the
Physikalisch-Technische Bundesanstalt (PTB), Germany,

and the Innovation Academy for Precision Measurement Sci-
ence and Technology (APM), Chinese Academy of Sciences,
China. The relevant characteristics of these experimental
data sets considered for this study are shown in Table 5,
including the station name, institute, reference clock,
receiver and antenna type, and location of the receivers.

The first set of receivers, operated by the USNO with
the same H-maser clock, create one zero baseline (USN7-
USNBS). We collect GPS observations at both L1 and L2 of
those receivers at the USNO from August 7 to 13, 2021. At
the PTB, the receivers of PTBB and PT10 are connected
to the same H-maser clock, forming a short baseline, with
data collection from February 4 to 10, 2022. In addition,
one zero baseline (APM3-APMS5) and one short baseline
(APM4-APMS) are formed, which are connected to the same
H-maser clock at the APM. The code and phase observations
of GPS L1+1L2, Galileo E1 +E5a, and BDS-3 BIC +B2a
are tracked for the three receivers at the APM. This set of
experimental data corresponds to the period January 3-9,
2022.

The between-receiver single-differenced (SD) iono-
spheric and tropospheric delays are eliminated for the zero
and short baselines; thus, the ionospheric-fixed variants of
the SCF and SCE models are used. The common-clock con-
figuration can eliminate the influence of any imprecision of
the receiver clocks, making it possible to evaluate the poten-
tial of GNSS time and frequency transfer under almost ideal
conditions. A bidirectional Kalman filter was used to avoid
the convergence process (Liu and Zhang 2021). The precise

Table 4 The comparison of the

Item Model A Model B Model C
three models developed above
Observation ubuC ubuUC ubuC
Satellite clocks Corrected by precise satellite Corrected by Estimated as unknowns

clock products

Phase ambiguity

Coupled with other parameters

precise satellite
clock products

Integrated into Integrated into a DD

a DD form, form, enabling IAR
enabling IAR
Tonospheric constraints Not considered Considered Considered
Table5 A general overYiew Station name Institute Reference clock Receiver type Antenna type Location
of GNSS data sets used in our
analysis USN7 USNO  H-maser SEPT POLARXS5TR TPSCR.G5 38.92°N, 77.7°W
USNS SEPT POLARXSTR
PTBB PTB H-maser SEPT POLARXS5TR LEIAR25.R4 52.30°N, 110.46°E
PT10 JAVAD TRE_G3T NAX3G+C
APM3 APM H-maser SEPT POLARXS TRM159800.00 30.53°N, 114.36°E
APM5 SEPT POLARXS
APM4 TRIMBLE ALLOY TRMS5791.00
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Table 6 Main data processing strategies in this study for the three models

Item Model A

Model B Model C

Receiver clock Estimated as white noise

Ionospheric delays Estimated as white noise

Tropospheric delays

Dry delay: corrected by the UNB3m model (Leandro et al. 2008)

Wet delay: estimated as a random-walk process (Hadas et al. 2017)

Stochastic model

Elevation-dependent weighting (Shen et al. 2009)

Phase and code standard deviation (STD): 0.003 m and 0.3 m

Orbits
Satellite clocks

Precise orbits
Precise satellite clocks
Satellite phase biases Estimated as a time-constant
Between-receiver DCB
Between-receiver phase

biases
IAR

Outlier detection and
elimination

DIA (Teunissen 2018)

Precise orbits Broadcast orbits

Precise satellite clocks Estimated as white noise
Estimated as white noise Estimated as white noise

Estimated as a time-constant Estimated as a time-constant
LAMBDA (Teunissen 1995) with

a ratio test of a threshold of 3

(Teunissen and Verhagen 2009)

satellite orbits and clocks were fixed using the IGS final
products for both Models A and B, and the monthly DCBs
published by the Center for Orbit Determination in Europe

43.75 :
A std=17.23 ps
55 i
43.55 :
) 219 222 225
~— 43.75 -
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-'tg 43.65 | p— R
©
GE) 43.55 :
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43.75 :
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43.65
43.55 :
219 222 225
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Fig.1 Time difference between the receivers USN7 and USNS8 with
three different models using GPS L1/L2 observations on days of year
(DOYs) 219-224, 2021
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(CODE) were used. The main processing strategies for the
three models are shown in Table 6. It should be mentioned
that all models are based on in-house software, which can
avoid the impact of differences in data processing strategies
(such as tropospheric delay) of different software.

Experiments at USNO

Figure 1 shows the time difference obtained for the zero
baseline USN7-USNS using the three models discussed
before. USN7 and USNS8 are connected to the same
H-maser clock and the same antenna; thus, the time differ-
ence is expected to be constant. Therefore, a comparison of
the results can easily show which model has the best per-
formance. We find that the STD of the time difference of
the UDUC PPP model and the SCF model are 17.23 and
10.43 ps, respectively, showing an improvement of 39.5%.
The benefits of the SCF model over the UDUC PPP model
lie in two aspects. First, the common-view satellites are used
to form the DD ambiguities to achieve IAR. Second, the
ionospheric constraint is considered in the SCF model for
easier IAR. The yellow curve shows that compared with
the UDUC PPP model and the SCF model, the SCE model
shows the smallest noise with 7.61 ps, showing 55.8 and
27.0% improvement, respectively. This shows that the use of
satellite clock products does have an impact on time transfer.
The advantage of the SCE model lies in that the satellite
clocks are estimated synchronously with other parameters,
making the model more rigorous.
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Figure 2 illustrates the modified Allan deviation (MDEV)
of the time differences of the USN7-USNS. With the suc-
cessful IAR, the frequency stability of the SCF model and
SCE model reaches 5.6 x 1074 and 4.5 x 10~ for an aver-
aging time at 30 s, respectively, while that of the UDUC PPP
model can only reach 1.5 x 10713, The frequency stability

for an averaging time at 15,360 s with the three models is
5.82 % 1071%, 1.54 x 1071¢ and 1.37 x 1076, respectively.
Compared with the UDUC PPP model and the SCF model,
the MDEV of the SCE model has improved by 76.4 and
11.0%, which shows the benefits of the IAR and satellite
clocks estimation.

Experiments at PTB

The second experiment is based on the data collected at the
PTB, Germany. The receivers PTBB and PT10 are connected
to the same H-maser clock but with different antennas. From
Fig. 3, we can see that the results from PTBB-PT10 are
not as good as from USN7-USNS. This is reasonable since
the antenna and receiver effects inevitably affect the time
transfer performance. The corresponding STD of the time
difference for the three models is 34.89, 30.58 and 25.07 ps,
respectively. The STD of the SCF model improves 12.4%
over the UDUC PPP model, due to the benefits of the IAR.
In addition, the SCE model has gains of 28.1 and 18.0%,
respectively, over the UDUC PPP model and the SCF model,
showing the advantages of both IAR and satellite clocks
estimation. It should be mentioned that the time difference
of the UDUC PPP model and the SCF model is at the same
level because the same precise satellite clock products are
used. However, the situation is different for the SCE model,
as only the broadcast ephemeris is used.

The MDEYV of the three models for the PTBB-PT10 is
shown in Fig. 4, from which we can confirm and extend

. PTBB-PT10
10 L T R e T
i Sl —e—-A
5 SNeu . —%—B
-"(_'_“ \/\\\.\ R S C
> 5 *\:\o\' S e
Q 10 *'me_ :
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= e
= !
o 1016 N4
> 10 -
10 103 104 10°
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Fig.4 MDEYV of the PTBB-PT10 with the PPP model (Model A), the
SCF model (Model B) and the SCE model (Model C)
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our above findings. First, the SCF and the SCE models
have improvements over the PPP model, as shown by its
MDEV. The SCF model has an 18-52% improvement over
the UDUC PPP model for averaging times at one day and
below. Second, compared with the SCF model, with sat-
ellite clocks estimated together with other parameters, the
SCE model can achieve better performance. For example,
the frequency stability for an averaging time at one day for
the two models is 6.03 X 1077 and 8.51 x 10~!7. Compared
with the SCF model, the SCE model shows an improvement
of 29.0% for frequency stability, indicating the advantage of
synchronously estimating satellite clocks.

Experiments at APM

From the previous experiments at USNO and PTB, the ben-
efits of the SCE model were demonstrated using only GPS
observations. In this test, using multi-GNSS data collected
at the APM, the potential of time and frequency transfer
performance of the proposed SCE model is evaluated using
multi-GNSS.

Figure 5 depicts the time difference of the APM3-APMS5
of the SCE model for GPS, Galileo, and BDS-3, from which
two conclusions can be drawn. First, the time difference of
APM3-APMS for each constellation shows a trend. This is
not surprising since the common-clock configuration makes

GPS
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(+822898.51 ns)
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s 0
=
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[ BDS-3
0.02 -
std=5.24 ps
O o
(+822898.07 ns) ‘
-0.02 .
003 006 009
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Fig.5 Time difference between the receivers APM3 and APMS5 of
the SCE model for GPS, Galileo, and BDS-3 from DOYs 003-008,
2022
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Fig.6 MDEV of the APM3-APMS5 of the SCE model for GPS, Gali-
leo, and BDS-3 calculated from DOYs 003-008, 2022

the time transfer largely dependent on the between-receiver
IF code bias (d,p ;7). Although usually, in time transfer, it
is assumed to be time invariant, this is not the case (Defr-
aigne et al. 2021; Mi et al. 2021). The studies have shown
that the receiver code bias can vary significantly, and an
essential driving factor is the ambient temperature (Mi et al.
2020; Rieck et al. 2003; Zhang et al. 2020). Second, we
can achieve picosecond time transfer with IAR and satel-
lite clocks estimated for each constellation. The STD of the
time difference for GPS, Galileo, and BDS-3 is 4.34, 4.56,
5.24 ps, respectively. It is worth noting that at APM3 and
APMS, the same type of receiver is used and they are con-
nected to the same H-maser clock and antenna. Thus, theo-
retically, this could be the limit for GNSS time transfer as
the common error from receiver-end cable also be canceled.
However, it can be seen from the results that the time trans-
fer is not completely white noise because it is difficult to
make the variation in the receiver bias completely consistent
even with the same type of receiver (Mi et al. 2020).
Figure 6 depicts the MDEV of the APM3-APMS5 time
link with GPS, Galileo, and BDS-3, from which several con-
clusions can be drawn. First, GPS, Galileo, and BDS-3 show
similar levels in terms of frequency stability. For example,
the frequency stability of the APM3-APMS5 with GPS, Gali-
leo and BDS-3is 5.01 x 10716,5.01 x 10~ '©and 4.81 x 1071
for an averaging time at 1920 s. In the experiments in USNO
and PTB, we demonstrate the superiority of the SCE model
using GPS-only observations. Using the APM3-APMS5, we
find that with satellite clocks estimated and integer ambi-
guities resolved, Galileo and BDS-3 also have the potential
to achieve 5 x 107! frequency transfer for averaging times
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Fig.7 Time difference between the receivers APM4 and APMS5 of
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Fig.8 MDEV of the APM4-APMS5 using the SCE model for GPS,
Galileo, and BDS-3 calculated from DOYs 003-008, 2022

within 30 min. The SCE model achieves such high frequency
stability without reliance on precise satellite products, show-
ing the significant benefit of the satellite clocks estimation.

Second, GNSS has the potential to achieve sub-1071° fre-
quency transfer for averaging times at eight hours and above.
As we can see from Fig. 6, although the performance of
the three constellations is different, they can all achieve fre-
quency transfer in the low-mid 10~!7 range. For example,
for an averaging time of one day, the frequency stability of
APM3-APMS5 with GPS, Galileo and BDS-3 is better than
3.01 x 10717,2.41 x 1077 and 2.85 x 107", respectively.

Figures 7 and 8 show the time difference and correspond-
ing MDEYV for another baseline, APM4-APMS5, with differ-
ent types of receivers and antennas. The result of this time
link is not as good as the APM3-APMS5 with the same type
of receiver and antenna, which shows the effect of receiver
and antenna that must be considered. However, even in this
case, GPS, Galileo, and BDS-3 can still achieve time transfer
on the order of picoseconds. The STD of the time difference
for GPS, Galileo, and BDS-3 are 9.88, 8.01, 6.17 ps, respec-
tively. The time transfer results of the three constellations
have different trends, which are believed to be caused by
the antenna, the receiver, and the cable. Concerning the fre-
quency stability, all three constellations can reach sub-10~1°
for averaging times at half the day and above.

It is, however, still challenging to achieve picosecond
time transfer and low-mid 1077 range frequency transfer
based on current atomic clocks and methods for the fol-
lowing reasons. First, the best H-masers are only of sub-
nanosecond accuracy with 1-2 x 107!® frequency stabil-
ity. Existing equipment can thus hardly reach the expected
accuracy and stability. Second, the distance over which time
and frequency transfer is needed is usually hundreds or even
thousands of kilometers, so it is challenging to realize IAR
without accurate atmospheric information. With the pop-
ularization of optical clocks and precise modeling of the
atmospheric delays, it can be expected that picosecond time
transfer results and sub-10~'° frequency transfer with GNSS
will be demonstrated.

Conclusion

The development of high-precision optical clocks has put
forward a higher demand for time and frequency transfer,
which is challenging to be met by the existing GNSS tech-
niques. In this contribution, we presented a new model based
on UDUC observations, where the satellite clocks are esti-
mated in the model to avoid the impact of external satel-
lite clock products. In addition, DD ambiguities are formed
in the model, which enables high-precision carrier-phase
observations to be fully utilized through IAR.

Based on GNSS data from three laboratories, the pro-
posed SCE model was used to evaluate the potential of
GNSS time and frequency transfer. In addition, the UDUC
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PPP and the SCF models were compared to demonstrate the
benefits of IAR and satellite clocks estimation, respectively.
According to the experimental results, we found that with
IAR, the method using the SCF model improved the preci-
sion of time transfer and frequency stability by 20%-50%,
showing the benefits of IAR. Furthermore, the SCE model
showed a 10%—40% improvement over the SCF model. More
importantly, we demonstrated that for averaging times within
one day, low-mid 10~!7 range frequency transfer could be
potentially achieved by GPS, Galileo, and BDS-3 once ultra-
precise clocks are available.

This study preliminarily proves that GNSS has the poten-
tial of reaching picosecond time transfer and sub-10716 fre-
quency transfer, which is expected to be realized with optical
clocks. It facilitates our understanding of the advantages of
satellite clocks estimation and IAR. However, some theo-
retical and technical problems, such as expanding the non-
common-view model and high-precision atmospheric delay
corrections, need to be solved in practice. Our future work
will focus on those theoretical and technical problems and
continue to explore the improvements and advantages of
GNSS for time and frequency transfer.
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4 Characteristics of Multi-Frequency Multi-GNSS Receiver Biases

Calibrating receiver bias holds paramount importance in high-precision GNSS applications,
including but not limited to positioning, time transfer, and ionospheric monitoring. In this
chapter, an in-depth analysis of receiver bias characteristics in multi-frequency multi-GNSS
scenarios is carried out. The outcomes of this research will pave the way for the next chapter,
which aims to investigate and quantify the impact of GNSS receiver bias on time transfer. The

research in this chapter is presented and included in the following publication:

Mi, X., Sheng, C., El-Mowafy, A., & Zhang, B. (2021). Characteristics of receiver-related
biases between BDS-3 and BDS-2 for five frequencies including inter-system biases,
differential code biases, and differential phase biases. GPS Solutions, 25(3), 113.
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Abstract

It is foreseeable that the BeiDou navigation satellite system with global coverage (BDS-3) and the BeiDou navigation satel-
lite (regional) system (BDS-2) will coexist in the next decade. Care should be taken to minimize the adverse impact of the
receiver-related biases, including inter-system biases (ISBs), differential code biases (DCB), and differential phase biases
(DPB) on the positioning, navigation, and timing (PNT) provided by global navigation satellite systems (GNSS). Therefore,
it is important to ascertain the intrinsic characteristics of receiver-related biases, especially in the context of the combination
of BDS-3 and BDS-2, which have some differences in their signal level. We present a method that enables time-wise retrieval
of between-receiver ISBs, DCB, and DPB from multi-frequency multi-GNSS observations. With this method, the time-wise
estimates of the receiver-related biases between BDS-3 and BDS-2 are determined using all five frequencies available in
different receiver pairs. Three major findings are suggested based on our test results. First, code ISBs are significant on the
two overlapping frequencies B11II and B2b/B21I between BDS-3 and BDS-2 for a baseline with non-identical receiver pairs,
which disrupts the compatibility of the two constellations. Second, epoch-wise DCB estimates of the same type in BDS-3
and BDS-2 can show noticeable differences. Thus, it is unreasonable to treat them as one constellation in PNT applications.
Third, the DPB of BDS-3 and BDS-2 may have significant short-term variations, which can be attributed to, on the one hand,
receivers composing baselines, and on the other hand, frequencies.

Keywords BeiDou navigation satellite system with global coverage (BDS-3) - BeiDou navigation satellite (regional)
system (BDS-2) - Inter-system biases (ISBs) - Differential code biases (DCB) - Differential phase biases (DPB)

Introduction

The BeiDou navigation satellite system with global cover-
age (BDS-3) has been fully operational since July 2020 and
has the potential to enable a wide range of applications for
positioning, navigation, and timing (PNT) all over the world
(Yang et al. 2020). Its constellation comprises 30 satellites,
including three satellites in GEostationary Orbit (GEO),
three in Inclined GeoSynchronous Orbit (IGSO), and 24 in
Medium-altitude Earth Orbit (MEO) (Wang et al. 2019). To
achieve compatibility and interoperability with other global
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University of Chinese Academy of Sciences, Beijing, China

navigation satellite systems (GNSS), and backward compat-
ibility with the BeiDou navigation satellite (regional) sys-
tem (BDS-2), BDS-3 transmits five navigational signals in
space, namely B1l at 1561.098 MHz, B2b at 1207.140 MHz,
B3I at 1268.520 MHz, B1C at 1575.42 MHz and B2a at
1176.450 MHz (Yang et al. 2018; Yuan et al. 2020). Mean-
while, attention should be paid to the fact that, although
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BDS-3 has already been operational, BDS-2 will still be
in service for at least another decade (Yang et al. 2019; Mi
et al. 2020b) and forms an important part of BDS globaliza-
tion. As a regional system serving the Asia—Pacific, BDS-2
constellation comprises five GEO satellites, seven IGSO sat-
ellites, and three MEO satellites (CSNO 2019; Montenbruck
et al. 2013). Signals at three frequencies are used in BDS-2,
namely B1I at 1561.098 MHz, B2I at 1207.140 MHz, and
B3I at 1268.520 MHz, ensuring the PNT service of BDS-2
(Odolinski et al. 2014b; Yang et al. 2014).

It has long been recognized that multiple constellations
and multiple frequencies are becoming available that benefit
PNT services in accuracy, integrity, and availability (Odijk
and Teunissen 2012; Tian et al. 2017). In such cases, in
addition to the unification of coordinate and time reference
frames, differences in receiver hardware delays related to
using signals from different systems should also be consid-
ered (Gioia and Borio 2016). These biases are called inter-
system biases (ISBs) and are caused by the correlation pro-
cess within the GNSS receiver (Gao et al. 2017a; Paziewski
and Wielgosz 2014). In general, the effect of the receiver
ISBs is considered a major source of error in the combined
processing of data from different GNSS (Odijk et al. 2016).
For example, ISBs have to be considered not only in real-
time kinematic (RTK) positioning and precise point posi-
tioning (PPP) (Gao et al. 2019; Geng et al. 2019), but also
in integer ambiguity resolution enabled PPP (PPP-RTK)
(Khodabandeh and Teunissen 2016). In addition, applica-
tions based on multi-GNSS observations, such as time and
frequency transfer (Tu et al. 2019; Verhasselt and Defraigne
2019), and atmospheric retrieval (Lu et al. 2020; Pan and
Guo 2018), also need to pay attention to the impact of ISBs.

In addition to ISBs, the hardware delay differences expe-
rienced by different frequencies in a single GNSS constella-
tion, namely differential code biases (DCB) and differential
phase biases (DPB), are also important sources of errors lim-
iting GNSS-based PNT applications (Odolinski and Teunis-
sen 2017b; Sanz et al. 2017). For example, the lumped effect
of satellite and receiver DCB and DPB is generally consid-
ered a major source of error in ionospheric retrieval from
GNSS observables (Brunini and Azpilicueta 2010). Fortu-
nately, the satellite DCB and DPB are fairly stable over a
considerable time for each GNSS constellation (Sardon et al.
1994). The variability of receiver DCB and DPB may be evi-
dent over a relatively short period, e.g., two hours to one day,
due to temperature perturbations around the receivers (Zha
et al. 2019; Zhang and Teunissen, 2015; Zhang et al. 2016).
Thus, the handling of receiver DCB and DPB is important
to ensure GNSS-derived ionospheric retrieval accuracy and
reliability. Furthermore, precision and reliability of position-
ing and time and frequency transfer are also constrained by
receiver DCB and DPB (Dach et al. 2002; Odolinski et al.
2015). With high-precision and high-reliability DCB and

@ Springer

DPB, PPP and RTK, as well as PPP-RTK can reach even
higher levels (Gao et al. 2017b; Odolinski and Teunissen
2017a; Psychas et al. 2019). Moreover, accurate calibration
of DCB and DPB is an important prerequisite for time and
frequency transfer based on GNSS (Defraigne and Baire
2011; Huang and Defraigne 2016).

Therefore, it is important to ascertain the intrinsic char-
acteristics of receiver-related biases between BDS-3 and
BDS-2, since they are treated, quite naturally, as one sys-
tem. For this purpose, we first present a method that allows
DCB, DPB, and ISBs to be estimated simultaneously and
continuously. With this method, the characteristics of code
and phase ISBs between BDS-3 and BDS-2, and the DCB
and DPB of BDS-3 and BDS-2 are determined.

Calibration of receiver-related biases using
multi-GNSS observables

The system of code and phase observation equations based
on single-differenced (SD), serving as a starting point of
developing the algorithm, reads (Odolinski et al. 2015)

) =
ab/

¢ (i) = ;b(i) X (@) + dt, (D) + S*b () — ;4! ab + T + A zab, + eab,

(D

where pj;? j(i) and ‘l’;b i(i) are the SD code and phase observa-

*b(l) : xab(i) + dlub(i) + ab/(l) + “Jl + T + 8

ab,j

tions associated with two receivers a and b. GNSS constel-
lation is %, which is distinguished by different letters
(x= A, B, ...). The satellite identifier is s,, the frequency is
J» and i denotes the epoch. x,,(i) is the column vector of
geometric unknowns and the corresponding coefficient g;*b(i)
is the receiver-to-satellite unit vector. dt,,(i) is the SD
receiver clock between a and b. The symbols d:b,j(i) and
5:bJ(i) denote, respectively, the SD receiver code biases and

phase biases.lij}) is the SD slant ionospheric delay, and

— £2 2 3 Sy
=/ / ]j is the frequency-dependent factor.7 , denotes the

SD tropospheric delay. zZ*bJ. denotes the SD ambiguity and 4;

denotes the wavelength, respectively. Note that all of the
variables involved in (1) are in meters, except Zab,/ is in

cycles. 5 and e denote the SD random observation noise

and unmodeled effects such as multipath for the code and
phase observations, respectively.

Consider a zero baseline or a short one of less than a
few kilometers, we can assume no differential ionospheric
and tropospheric effects. In this case, the model can also be
referred to as an ionospheric-fixed and tropospheric-fixed
model. Then, the SD code and phase observation is rewritten
as (Odolinski et al. 2014a)
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ah,}( )= a;,(l) xab(l) + dtab(l) + abd(l) + gah,}
b (1) = g3 (0) - X, () + dlt g (i) + 83, (D) + A2y + €

ab,/’

@)

However, even though (2) does not depend on iono-
spheric and tropospheric delays, the model is still not of
full rank. A rank deficit occurs in two ways. One is the lin-
ear dependency between the columns of the receiver clock
and the code/phase biases, and the other is the column
dependency between phase biases and the SD ambiguities
(Mi et al. 2019a, b). By applying the S-system transfor-
mation, full rank can be achieved by constraining a mini-
mum set of parameters, or S-basis (Zhang et al. 2018). It
should be noted that the choice of S-basis is not unique,
which dictates the estimability and the interpretation of
parameters. For example, the rank deficiency of the first
type can be solved by fixing the receiver code biases of
one- or multi-constellation, which results in two different
models: classical differencing and inter-system differenc-
ing. A detailed explanation and comparison of classical
differencing and inter-system differencing can be found in
Mi et al. (2020a), which will not be repeated here. In our
study, inter-system differencing is adopted. Thus, the rank
deficiency between the columns of the receiver clock and
the code/ phase biases are solved by fixing the code biases
on the first frequency of only one of the constellations.
Also, we have the rank defects between phase biases and
ambiguities, which are solved by fixing the SD ambiguities
of one reference satellite per constellation. Once the rank
defects have been solved, we have the following full-rank
model

ab,,(""l)— gali+1) - xuGi+1)+
¢;,bJ(l+ D=ghG+1)-
Py i+ ) =gh+1)-

@+ D) =g i+ 1)

X+ 1)+

X+ 1) +di

dig i+ 1)+ 80 i+ 1)+ 5,

b(l+1)+5ab1(l+1)+5* (z+1)+/1zab,

ab,,(l) = ”;)(i) - X, (0) + iy (i) + d° b (D) + eabd

b (D) = 8, (D) - X (D) + d (D) + 8, (D) + &), () + 4 zu/;j“ +e

P i) = 803, (D) - X (D) + iy (i) + dy, (D) + €,
¢ab,j(l) = ga*b(l) ab(l) + fah(l) + 5ah l(l) + 6ahJ(l) + 4 Zah,; + eabJ
(€)]

where Eing(i) and Sng(i) are the DCB and DPB, and their
counterpart Zi:b,j(i) and S:bJ(i) are the code and phase ISBs,
and their interpretations are given in Table 1.

Recall that in the estimable form of DPB
81D = 85, (D) = 83y () + 4 z,‘A Alzabl and phase ISBs
ab,/(’) = 5ab,/(’) b 1(z) + /1 Zab,, Alzab ;» the datum ambi-

guities /ljza - /llz ,and 4 z:b]
reference satelhtes s, = 1 ands, = 1,. Asis well known that
one reference cannot be visible for a long time (usually less than
a few hours). In general, when the observation period exceeds
a few tens of hours, it is inevitable to change the reference satel-
lite more than once. However, in this case, abrupt jumps will
be introduced in the epoch-wise estimates of DPB and phase
ISBs, which is not helpful in restoring their characteristics.
The datum ambiguities can be considered time-invariant as
long as the reference satellites are tracked continuously without
cycle slip. Thus, for multi-epochs, the number of rank defects
between phase biases and the ambiguities remains unchanged
and is independent of the epoch number. Hence, when the SD
ambiguities of one satellite (/ljz:bd.) are selected as a datum at

412, correspond to the

epoch i, the SD ambiguities of the remaining satellites

(4; Zab,, =2,3,.-,m) will absorb A zl* and thus have the

DD form (4, zl 5*) Then,A;z LS can be transferred to epoch
i+1, even though the reference satellite is no longer visi-

ble /l]zab] in ﬂ z can still serve as a datum. In this case, the

SD code and phase observation equations at epoch i + 1read:

dig(i+ 1) +dj, (i+1)+e,,

lAYA YA
(z+1)+/1zabJ b @

di(i+1)+d, S+ 1)+g

S*

ab,/’

Table 1 Estimable unknown

. Notation and interpretation
parameters and their

Estimable parameter

interpretation for the SD
ionospheric-fixed, tropospheric-
fixed model

di,, (i) = dt (i) + d* b U]
&, (D = dly, () = dby, | (i)
abl(l) =8y, () =
abJ(l) = 5abJ(l)
abJ(l) =dg, ()~

ab,](l) abJ(’)
1,5, S, 1

ab.j Zab J Zuh,i

ab l(l)

Z

hr(’)"'/llzabr

bl(l)+}“zab1 - Alzahl

. 1.
S, 1(’) + A~

Receiver clock with code biases for j =1
Receiver DCB, where j > 2

Receiver phase bias of the first frequency
Receiver DPB, where j > 2

Receiver code ISBs, where j > 1

AIZ:{Z,l Receiver phase ISBs, where j > 1

Double-differenced (DD) integer ambiguities

@ Springer
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where 5% (i+1)—5§b‘f(i+1) 1(z+1)+/1z
ab,,(’+1)_5 (i+1)— (l+1)+AzabJ ﬂlzab’l.

In this way, the DPB and phase ISBs are estimated con-
tinuously without changing the reference satellite.

To accurately calibrate these biases, the baseline and
DD ambiguities are precisely estimated in advance using a
strategy that does not change the reference satellite. Then,
the baseline and DD ambiguities are subtracted from (3).
In this case, the SD code and phase observation equations
with fixed baseline and ambiguities are expressed as,

- Alzibl and

~YA

abd(l) = ab(l) + ab,/(l) + sah,}

¢ab1(l) di, (i) + 5ab l(l) + 5ub,1(l) + eab,; S
pabJ(l) di () + d*bd(l) + £ aby )
Gy (D) = iy (D) + &), (D) + 67, () + €

where ~:}w(z) = ab,,(’) - ab(l) X, (0) and

¢ab/( i) = ¢ab,(l) - ab(l) xab(z) Az AS" , with their coun-
terparts  p, (D) = P (D) = g?”y(l) Xap (D)
qb‘aj"j(i) = ¢a7;,/(i) =8, (@ - xy(0) — Ajzaz‘;. Since the datum
in DD ambiguities has not changed, no discontinuity will be
present in the estimates of DPB and phase ISBs.

and

Experimental setup

In our analysis, we selected two sets of GNSS data, meas-
ured by three and four collocated receivers, respectively,
with five observation types (B1I, B1C, B2a, B2b, B3I)
of BDS-3 and three types (B1I, B2I, B3I) of BDS-2. See
Table 2 for detailed characteristics. Two points deserve
noted from the table. First, the receivers with IDs APM1,
APM2, APM3, and APM4, which comprise two Trimble
and two Septentrio receivers, are connected to a common
antenna, implying that they can create a total of six zero
baselines. Second, the receivers IGG1, IGG2, and IGG3 are
each equipped with a single antenna, creating three base-
lines, with lengths of 1.8 m, 5.6 m, and 6.7 m. The sampling
interval of the first set of receivers (AMP1 to AMP4) was
30 s and that of the second set IGG1 to IGG3) was 10 s.

The cutoff elevation angle was set to 10° to discard par-
ticularly noisy code and phase observations. The elevation-
dependent weighting function used can be expressed as
o, = fsine) and o, = %/sinen) (Euler and Goad 1991),
where 6;* and 6;,* donate the standard deviations of the phase
and code observations of satellite s,, E," is the elevation of
satellite, o-(’; and o,‘j are the undifferenced zenith-referenced a
priori phase and code standard deviations, assumed here as
3 mm and 0.3 m, respectively. The satellite positions that are
required for elevation angle determination are computed
using the broadcast ephemeris. The Detection, Identification
and Adaptation (DIA) procedure is used to detect and elimi-
nate the effect of outliers (Teunissen 2018), and the
LAMBDA method was used for integer ambiguity resolution
(Teunissen 1995; Chang et al. 2005). For the sake of brevity,
only partial baselines selected during some of the experi-
mental days are reported here in the analysis of ISBs, DCB
and DPB estimates. These results are representative of all
the experimental results that we obtained. In addition, in
order to reduce the impact of the multipath effect caused by
the tall buildings around the receivers, sidereal filtering is
implemented (Wang et al. 2018). In sidereal filtering, the
multipath model needs to be shifted by a certain period,
usually close to a sidereal day, thus, this method is only
applicable to APM1 to APM4 with multiple days of observa-
tions available.

Characterization of BDS-3 and BDS-2 ISBs estimates

This section first describes the B11 and B3I code and phase
ISBs estimates between BDS-3 and BDS-2, as those fre-
quencies are identical in the two constellations. Then, the
characterization of ISBs estimates between BDS-3 B2b and
BDS-2 B2I, which are overlapping frequencies but with dif-
ferent signal modulations, is analyzed separately.

Figure 1 shows the estimates of B1I and B3I code ISBs
between BDS-3 and BDS-2. When comparing the right-
hand panels showing the B3I code ISBs, with the left-hand
panels of B1I ISBs, we can see that the B3I code ISBs esti-
mates fluctuate randomly around zero. In other words, for
B3I signals, the code ISBs are not shown to be present for

Table 2 An overview of GNSS

X ) Receiver ID  Receiver type
data used in this work

Antenna type Location Observation period

APM1 Trimble ALLOY
APM2 Trimble ALLOY
APM3 Septentrio POLARXS
APM4 Septentrio POLARXS
IGG1 Trimble ALLOY
IGG2 Septentrio POLARXS
IGG3 Trimble R10-2

Trimble Zephyr 3 114.37°E, 30.57°N  DOY 339-342 of 2020

South GR3-G3
South GR3-G3
Trimble R10-2

DOY 265 of 2020
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Fig.1 Time series of B1I (left) and B3I (right) code ISBs estimates
between BDS-3 and BDS-2 on DOY 340, 2020. Three zero baselines
are used, including APM1-APM2 with two ALLOY receivers (top),
APM3-APM4 with two POLARXS receivers (middle), APM1-APM3
with ALLOY and POLARXS receivers (bottom). The numbers in
each panel represent the mean and standard deviation (STD) in meters

baselines consisting of both identical and different receiver
types. Considering the two bottom panels, a key finding is
shown. The code ISBs estimates of B3I fluctuate randomly
around zero while those of B1I show significant values with
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B
~ 02 :
g (-0.772, +0.068)
© -0.8 [Pyt iy mioy
©
3
218
m 0.2 :
(-0.891, +0.150)
0.8t
-1.8 :
01:30 04:30 06:30

GPS Time (hh:mm)

Fig.2 Time series of B1I code ISBs estimates between BDS-3 and
BDS-2 on DOY 265 of 2020. Three short baselines are used, includ-
ing IGG1-IGG3 with ALLOY and TR12 receivers (top), IGG1-1IGG2
with ALLOY and POLARXS receivers (middle), IGG2-IGG3 with
POLARXS and TR12 receivers (bottom). The numbers in each panel
represent the mean and STD in meters

a mean of 1.124 m, which means the presence of B1I code
ISBs between BDS-3 and BDS-2 must be considered for
baselines composed of different receivers.

Figure 2 depicts the B1I code ISBs estimated for each
of the three baselines composed of different receivers con-
nected to separate antennas. As might have been expected,
the B1I code ISBs between BDS-3 and BDS-2 is not close
to zero for any of the three baselines, indicating a signifi-
cant bias. The trend in the ISBs estimates, particularly for
IGG1-IGG3 and IGG2-IGG3, can be attributed to multipath
effects. However, due to the short observation time, sidereal
filtering cannot be used to weaken the influence of mul-
tipath. Even so, these results confirm the previous obser-
vation that the B1I code ISBs based on a mixed-receiver
combination are nonzero, and this suggests that we should
consider the difference between B1I code of BDS-3 and
BDS-2 in practice.

Figure 3 is analogous to Fig. 1 but illustrating the results
of B1I and B3I phase ISBs between BDS-3 and BDS-2.
Unexpectedly, unlike the code ISBs, we find that, for each
baseline considered, using both identical and mixed-receiver
pairs, the B1I and B3I phase ISBs are always randomly dis-
tributed around a mean value almost zero. In other words,
there is no reason to expect the presence of phase ISBs for
B1I and B3I between BDS-3 and BDS-2.

Figure 4 shows the estimates of code and phase ISBs
between BDS-3 B2b and BDS-2 B2I, from which two con-
clusions can be drawn. First, similar to the B1I and B3I
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Fig.3 Time series of BDS-3-BDS-2 B1I (left) and B3I (right) phase
ISBs estimates on DOY 340 of 2020. Three zero baselines are used,
including APM1-APM2 with two ALLOY receivers (top), APM3-
APM4 with two POLARXS receivers (middle), APM1-APM3 with
ALLOY and POLARXS receivers (bottom). The numbers in each
panel represent the mean and STD in cycles
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Fig.4 Time series of code 0.5 0.05
(left) and phase (right) ISBs (0.0041, £0.034) (0.000, £0.003)
estimates between BDS-3 B2b
and BDS-2 B2I on DOY 340 of 0 m 0 W
2020. Three zero baselines are
used, including APM1-APM2 - i
with two ALLOY receivers = -0.5 < -0.05
(top), APM3-APM4 with two — >
POLARXS receivers (middle), % 0.5 E 0.05
APMI-APM3 with ALLOY and = (0.005, £0.025) ) (0.000, +0.001)
POLARXS receivers (bottom). % B .
The numbers in each panel 8 0 W % 0
represent the mean and STD. — -S_
The three panels on the left are g —
in meters, while the units on the T -0.5 g -0.05
right are in cycles £ o)
m 1 ~ 0.05
(0.411, £0.065) m (0.000, +0.003)
0.5 0
0 : -0.05 :
00:00 12:00 00:00 00:00 12:00 00:00

phase ISBs between BDS-3 and BDS-2, interoperability can
be achieved for the phase observations between BDS-3 B2b
and BDS-2 B2I. Second, the mean of the code ISBs between
BDS-3 B2b and BDS-2 B2I based on APM1-APM3, a
mixed-receiver combination, are estimated as nonzero,
thereby suggesting the code ISBs should be considered when
mixing BDS-3 B2b and BDS-2 B2I for a baseline with non-
identical receiver pairs.

Similar to Fig. 2, but for different signals, Fig. 5 shows
the code ISBs between BDS-3 B2b and BDS-2 B2I for the
short three baselines. Likewise, there is a certain trend in
each panel, which we believe is also due to the multipath
effect. Overall, it can be confirmed that there are nonzero
mean code ISBs between BDS-3 B2b and BDS-2 B2I,
which breaks the interoperability between BDS-3 and
BDS-2.

To summarize, two conclusions can be drawn. First, there
are no ISBs on the phase observations of the three over-
lapping frequencies of BDS-3 and BDS-2, so they can be
treated as one constellation. Second, and more importantly,
the code observations of BDS-3 and BDS-2 can be compat-
ible on B3I but not on B11 and B21/B2b, for a baseline with
non-identical receiver pairs. Thus, the differences in code
observations of B1I and B21/B2b between the two constel-
lations must be considered when mixing BDS-3 and BDS-2
observations.
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Fig.5 Time series of code ISBs estimates between BDS-3 B2b and
BDS-2 B2I on DOY 265 of 2020. Three short baselines are used,
including IGG1-IGG3 with ALLOY and TR12 receivers (top), IGG1-
IGG2 with ALLOY and POLARXS receivers (middle), IGG2-IGG3
with POLARXS5 and TR12 receivers (bottom). The numbers in each
panel represent the mean and STD in meters
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Fig.6 Time series of BDS-3 (left) and BDS-2 (right) B11-B31 DCB
estimates on DOY 340 of 2020. Three zero baselines are used,
including APM1-APM2 with two ALLOY receivers (top), APM3-
APM4 with two POLARXS receivers (middle), APM1-APM3 with a
mix of ALLOY and POLARXS receivers (bottom). The numbers in
each panel represent the mean and STD in meters

Characterization of BDS-3 and BDS-2 DCB estimates

In this section, the DCB of the common frequencies (B1I-
B3I, B1I-B2b/B2I) of BDS-3 and BDS-2 are first analyzed.
Then, using B11 as a reference, DCB of the new frequencies
of BDS-3 (B1I-B1C and B11-B2a) will be reported.

Figure 6 shows the B1I-B31 DCB of BDS-3 (left) and
BDS-2 (right), with each color representing a different
baseline. Normally, one would expect DCB of the same fre-
quency combination to be completely consistent for BDS-3
and BDS-2, as they are considered one constellation. The
expected results can be seen in the baselines with identical
receiver pairs (blue and red lines), where the DCB of B11I-
B3I barely differs between BDS-3 and BDS-2. However,
the situation becomes different when referring to a mixed-
receiver combination. Here, we see there is a clear distinc-
tion of B1I-B3I DCB between BDS-3 and BDS-2, with a
difference of 1.128 m. In this case, the difference of B1I-
B3I DCB between BDS-3 and BDS-2 must be taken into
account and ignoring it may adversely affect PNT applica-
tions. Moreover, focusing on each panel, we see that these
estimates fluctuate randomly around their mean value, with
no apparent trend over time, indicating that B1I-B31 DCB
has no significant short-term change for each of the above
three baselines.

Figure 7 is analogous to Fig. 6, except that it shows
the DCB of BDS-3 B1I-B2b and BDS-2 B1I-B2I. These
results confirm the previous observations that for a baseline
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Fig.7 Time series of BDS-3 B1I-B2b (left) and BDS-2 B1I-B2I
(right) DCB on DOY 340 of 2020. Three zero baselines are used,
including APM1-APM2 with two ALLOY receivers (top), APM3-
APM4 with two POLARXS receivers (middle), APMI1-APM3 with
ALLOY and POLARXS receivers (bottom). The numbers in each
panel represent the mean and STD in meters
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Fig.8 Time series of BDS-3 B1I-B1C (left) and B1I-B2a (right)
DCB estimates on DOY 340 of 2020. Three baselines are used,
including APM1-APM2 with two ALLOY receivers (top), APM3-
APM4 with two POLARXS receivers (middle), APM1-APM3 with
ALLOY and POLARXS receivers (bottom). The numbers in each
panel represent the mean and STD in meters
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comprising the same receiver type, no difference will occur
between the DCB of the overlapping frequency combina-
tion of BDS-3 and BDS-2. However, at the same time, the
characteristics of DCB between BDS-3 and BDS-2 based on
the mixed-receiver combination are interesting. The bottom
two panels (yellow lines) show a difference between BDS-3
B1I-B2b and BDS-2 B1I-B2I of 1.535 m, which indicates
the DCB difference between BDS-3 B11-B2b and BDS-2
B11-B2I should be carefully considered.

Figure 8 shows the BDS-3 B1I-B1C and B11-B2a DCB
estimates, from which we can see that the values of DCB
are significant, but the intra-day stability is also noticeable.
After sidereal filtering, although the multipath effect is obvi-
ously weakened, we can still see that the DCB estimation has
a certain trend, e.g., see bottom right. This phenomenon can
be attributed to the combination of residual multipath effects
and other unmodeled errors.

An important conclusion can be drawn that inconsisten-
cies in the characterization of B11-B3I and B1I-B2b/B2I
DCB in BDS-2 and BDS-3 must be fully considered in PNT
applications.

Characterization of BDS-3 and BDS-2 DPB estimates

Concerning the DPB, Fig. 9 shows the estimates of B11-B31
DPB of BDS-3 (left) and BDS-2 (right) for three pairs of
receivers APM1-APM2 (blue line), APM3-APM4 (red line),
and APM1-APM3 (yellow line) on day 340 of 2020. Recall
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Fig.9 Time series of BDS-3 (left) and BDS-2 (right) B11-B31 DPB
estimates on DOY 340 of 2020. Three zero baselines are used,
including APM1-APM2 with two ALLOY receivers (top), APM3-
APM4 with two POLARXS receivers (middle), APM1-APM3 with
ALLOY and POLARXS receivers (bottom). The numbers in each
panel represent the mean and STD in cycles
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that the estimable of DPB is
A . : . 1 1
éng(l) = 52bJ(l) - 5aAb,1(l) + AZgp i = A%y, Where the datum

ambiguities 4,z i Alz;;l are included. Thus, we can only
analyze the fractional part of DPB without obtaining its
absolute value. However, from the compatibility of BDS-3
and BDS-2 in phase ISBs, DPB should also be compatible
for the two constellations since DPB and phase ISBs have a
linear relationship that can be inferred from each other.

We pay attention here to the three cases depicted in Fig. 9,
from which two conclusions can be drawn. First, it is found
that the B11-B3I DPB of BDS-3 and BDS-2 are slightly
different in magnitude due to the datum ambiguities, but
remarkably similar in the trend (compare left and right). This
also illustrates the compatibility of DPB between BDS-3
and BDS-2. Second, the short-term temporal variations of
B1I-B3I DPB are significant in BDS-3 and BDS-2. See
the second case (red lines), except for the obvious intra-
day variation, there is an obvious jump around 12:00 (see
green ellipse). We think this is probably due to a sudden
change in the ambient temperature (Zhang et al. 2016; Mi
et al. 2020b). The same phenomenon occurs in the third case
(yellow lines). From the comparison of the three baselines,
it can be concluded that the response of different receivers
to ambient temperature is inconsistent.

Similar to Fig. 9, Fig. 10 shows the DPB but for the
BDS-3 B1I-B2b and BDS-2 B1I-B2I. These results con-
firm the previous conclusions that the short-term temporal
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Fig. 10 Time series of BDS-3 B1I-B2b (left) and BDS-2 B1I-B2I
(right) DPB estimates on DOY 340 of 2020. Three zero baselines
are used, including APM1-APM2 with two ALLOY receivers (top),
APM3-APM4 with two POLARXS receivers (middle), APM1-APM3
with ALLOY and POLARXS receivers (bottom). The numbers in
each panel represent the mean and STD in cycles
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Fig. 11 Time series of BDS-3 B1I-BIC (left) and B2I-B2a (right)
DPB estimates on DOY 340 of 2020. Three zero baselines are used,
including APM1-APM2 with two ALLOY receivers (top), APM3-
APM4 with two POLARXS receivers (middle), APM1-APM3 with
ALLOY and POLARXS receivers (bottom). The numbers in each
panel represent the mean and STD in cycles

variations of DPB must be considered in BDS-3, BDS-2,
and their combination. In addition, interestingly, the short-
term variations are present in all three cases, especially the
jump at around 12:00. Combined with the DPB character-
istics of B1I-B3I, this can be attributed to the fact that the
B2I and B2b signals of the receivers involved in the experi-
ment are more sensitive to the environment. Thus, it can be
concluded that different frequencies have different response
mechanisms to ambient temperature.

Figure 11 is analogous to Fig. 8, except it shows the DPB
estimates for three baselines. Pay attention to the differences
between the receivers used; we can see that the DPB esti-
mates of B1I-B1C and that of B11-B2a are slightly different
in their magnitude and mean values, but noticeably similar
in their trend. This also indicates that the receiver-related
biases of BIC and B2a of the used receivers have similar
mechanisms in response to the environment. Back to Fig. 9,
a similar phenomenon also exists in the DPB estimates of
B1I-B2b, which means B2b has an environment response
similar to that of B1C and B2a.

One important conclusion can be drawn from this
analysis. The receiver-related DPB of BDS-3 and BDS-2
may have short-term variations, which can be estimated
by analyzing the performance of different receivers and
frequencies.

Conclusions

We have presented a method for simultaneously estimating
the receiver-related biases, including inter-system biases
(ISBs), differential code biases (DCB), and differential
phase biases (DPB). This method has the following char-
acteristics, which make it well suited for use in retrieving
receiver-related biases. First, an advantage has been taken
of not changing reference satellites, thereby enabling the
continuity of DPB and phase ISBs estimates. Second, use
has been made of a single-differenced (SD) full-rank model.
This ensures compatibility of all kinds of cases from single-
frequency single-constellation to multi-frequency multi-
constellation data, and more importantly, the reasonable
simultaneously estimation of DCB, DPB, and ISBs.

Special care should be taken when using BeiDou naviga-
tion satellite system with global coverage (BDS-3) and the
BeiDou navigation satellite (regional) system (BDS-2), as
they are considered compatible and thus treated as one con-
stellation. With this in mind, we applied the method detailed
above to several sets of GNSS data with all five frequencies
of BDS-3 and three frequencies of BDS-2, covering a range
of receiver types and observation periods. The time-wise
estimates of the DCB, DPB, and ISBs between BDS-3 and
BDS-2, using all five frequencies available, were presented.

It was experimentally shown that the phase observations
of the three overlapping frequencies between BDS-3 and
BDS-2 are indeed compatible. In other words, the phase
observations of the three overlapping frequencies can be pro-
cessed as one constellation when mixing BDS-3 and BDS-2.
However, when we referred to code observations, the situ-
ation got complicated. The code ISBs of B1I and B2b/B2I
between BDS-3 and BDS-2 are estimated as nonzero but of
B3I are not. That is to say, for code observations, only B3I
can achieve full compatibility between BDS-3 and BDS-2,
and the differences of B1I and B2b/B2I between BDS-3 and
BDS-2 must be taken into account. In addition, care should
be taken to the difference of DCB involving B1I and B2I/
B2b between BDS-3 and BDS-2, as they were found to be
significant in our experiment. Moreover, interestingly, we
found that DPB of BDS-3 and BDS-2 may have significant
short-term variations, which are closely related to receiver
and frequency.
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5 UDUC GNSS Time Transfer considering Time-varying Receiver Code

Biases
5.1 Introduction

The realization of GNSS time transfer depends on a premise and an assumption. The premise
is the precise calibration of the receiver code bias, and the assumption is that the receiver code
bias remains stable (Defraigne et al., 2021). It should be noted that the receiver code bias in
GNSS time transfer should be more accurately expressed as the receiver-end code bias, because
it is composed of the delay generated by the GNSS receiver, antenna, external clock and cables
connecting these devices (Leute, 2018). Currently, absolute and relative calibration methods
satisfy the requirements of receiver code bias calibration for GNSS time transfer (Esteban et
al., 2010; Lewandowski et al., 1987; Overney et al., 1997; Plumb et al., 2005). As a result, the
key to the success of GNSS time transfer is that the time-invariant assumption of the biases is

guaranteed.

Nevertheless, research has indicated that short-term variations in receiver code bias exist and
are closely linked to environmental factors, particularly temperature (Mi et al., 2020; Petit et
al., 2022; Ray and Senior, 2001; Rieck et al., 2003). Consequently, to minimize the impact of
these short-term variations on GNSS time transfer, time laboratories typically utilize the
following measures: establishing a near-constant temperature to control the GNSS receiver
environment, selecting antennas that are minimally affected by environmental factors, and
choosing cables with good temperature stability. These strategies effectively mitigate
significant short-term variations in receiver code bias and ensure the accuracy of GNSS time
transfer. However, long-term trends in receiver code bias remain a challenge for which there
are currently no viable solutions (Petit and Defraigne, 2023; Zhang et al., 2015). This chapter
will explore the impact of receiver code bias variations on GNSS time transfer. A solution is
proposed that involves modifying the model to describe the receiver code bias variations, rather

than attempting to control each bias component, so that it no longer affects GNSS time transfer.

This chapter presents a novel time transfer model that considers time-varying receiver code

biases, building upon the UDUC PPP time transfer model. Using this model, the chapter

investigates the characteristics of receiver code bias variations and their impact on time transfer.
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5.2 Full-rank GNSS Time Transfer Model for Terrestrial Applications

In this section, a new GNSS time transfer model considering time-varying receiver code biases
is presented. As a starting point to develop this model, the UDUC GNSS equations are first

given as follows,

p, ;@) =p (@) +dt.()+d,  +7 (@) +u ) () —dt’ —d’ + ¢, 5.0)
g. () =p.(D)+di, ()+0, ,+7,()—p,l; ,()—dt’ =6+ AN, +¢,,

wherer, s, jand i represent the receiver, satellite, frequency, and epoch, respectively. p; (i)
and ¢, ; (i) are the UDUC GNSS code and phase observations, respectively. p; (i) is the satellite-
receiver range, dr, (i) is the receiver clock offset and 7, (i) is the tropospheric delay. d, ; and 9, |
are the code and phase biases at the receiver-end, and their counterpartd’; and &°, are those at
the satellite-end. I; (i) is the ionospheric delay and ., = /1/2 / /112 is its coefficient where 4, is the

wavelength. dr’is the satellite clock and N, ;is the phase ambiguity. &, and ¢ ;are the code

and phase observation noise and miss-modelled random effects.

In the PPP time transfer model, the precise satellite clocks df* =dt'+d’, based on IF

combination, whered’, =-2-d} —-"-d’, are directly corrected in GNSS code and phase
> h—H s b~

observations. The tropospheric delay is usually expressed as the sum of the dry and wet delays

7. =(r,), +m t, ,where(z,)’ is the dry part and usually pre-corrected by empirical models.

m’z_ is the wet tropospheric delay, where m’ is the known mapping function and 7, is the

unknown tropospheric zenith wet delay (ZWD). Both Chapter 3 and Chapter 4 have addressed
the rank deficiencies observed in the UDUC GNSS equations. Thus, the classical full-rank
UDUC PPP can be directly given as follows,

B0 = p )+ dT.()+mir,()+ L () -d; + &),

PN . Loz (5.2)
&)= p. )+ i () +miz, () - w1 ()-8, + ),

where p; (i) = p; (i) +di* —(z,),and ¢% (i) = p; () +di" —(z,), , respectively. The estimable

unknowns and their interpretations are given in Table 1, where d, ;. = ﬂzlﬂl d.,-d.,)),

ds = ;(di ~d’)andd, . = ﬁdm - : d.,(GF: geometry-free).

G Mk
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Table 1 Estimable unknowns and their interpretations in classical UDUC PPP together with
the S-basis used

Estimable parameter Notation and interpretation

Receiver clock offset di (iy=dt (i)+d,

Ionospheric delay L= (D) +d, gp —diyy

Satellite code bias d =d’ —dy —pudy—d,  +d g +ud g, j>3
Satellite phase bias 6, =6 —d'y + 'y, = ANS =6, +d, = pd, o, j 21
S-basis d.;,0.;,d, s N, .d, oo doe

Particular attention should be paid to the receiver clock offsetdr, (i) = dt, (i) +d, ,, , whered, ;.
is usually assumed to be time-invariant. However, in principle, d, ; may be time-varying. If d,

is time-varying, thend, ,, will be time-varying, which will affect time transfer. Takingd, , (i) as

the time-varying receiver code bias, it should be estimated in the model. However, in this
situation, some additional S-basis elements are needed to be selected to eliminate the rank

deficiency caused by the introduction ofd, ;(i). This rank deficiency is solved by selecting the

S-basis from the first epoch, and after it is eliminated, the full-rank GNSS time transfer model
considering time-varying receiver code biases (defined as TVRCB model in what follows) can

be given as follows,

By, )= p (D) +di, () +d, () +miz, () + I} ,()=d)  +e),

; . T (53)
b ()= pi () +di () +mit () - I ()=5) +é,

where C?r, ;@ =d, ;()-d, ;(1) withi>2 . This implies that the estimation of d, (i) is not
possible, whereas Jr, ;(i) can be estimated with respect to the first epoch. The receiver clock

offset, ionospheric delay, satellite code and phase biases are only related to the receiver code
biases of the first epoch, thus are free from the impact of time-varying receiver code biases.
The estimable forms of the remaining parameters within the TVRCB model are presented in

Table 2.
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Table 2 Estimable unknowns and their interpretations in the TVRCB model in Equation (5.3)
together with additional S-basis

Estimable parameter Notation and interpretation

Receiver clock offset dt:,. () =dt.()+d, (1)

Tonospheric delay LG ) +d, g () —dy

Satellite code bias cis’j =d’ —dy —pdy —d, (D+d, (D+ud, (1), j>3
Satellite phase bias é:'fj=§j —dyptpude—AN, =6, ,+d, )—pd,. 1), j=1
S-basis d.,(1),d, (1),d, ;1)

At present, the time transfer community is actively engaged in determining the effects of code
biases originating from the receiver-end on GNSS time transfer. Applying the new model

proposed in this chapter presents a potential solution, as it encompasses the variation of the

receiver-end code biases within d, ;(i).

5.3 Time-varying Characteristics of GNSS Receiver Code Biases

To investigate the variations of receiver code bias and their impact on GNSS time transfer, a
data collection exercise was conducted involving two time laboratories. The first is the
Innovation Academy for Precision Measurement Science and Technology (APM), Chinese
Academy of Sciences, and the second is the Physikalisch-Technische Bundesanstalt (PTB).
The specifications of the GNSS data gathered during this study are outlined in Table 3. At the
APM laboratory, two receivers were employed, namely APM1 and APM3, synchronized with
a common H-maser clock. Similarly, at the PTB laboratory, the receivers PTBB and PT10 were
synchronized with the same H-maser clock. Throughout the period spanning from October 12
to November 16, 2022, GPS observations from both the L1 and L2 frequencies of these

receivers were collected.

The same data processing strategy was employed for both models, except for the incorporation
of receiver code biases as white noise in the TVRCB model. To ensure a seamless convergence
process, a bidirectional Kalman filter was implemented (Liu and Zhang, 2021). Receiver clock
and ionospheric delay were estimated as white noise. The dry component of tropospheric delay

was corrected using the UNB3m model (Leandro et al. 2008), while the wet component was
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estimated as a random walk (Hadas et al. 2017). The stochastic model utilized an elevation-
dependent weighting function (Shen et al., 2009), with phase and code standard deviations of
0.003 m and 0.3 m, respectively. Precise satellite orbit and clock products were provided by
the International GNSS Service (IGS), and the P1-C1 Differential code bias (DCB) used was
sourced from the Centre for Orbit Determination in Europe (CODE). The Detection,
Identification, and Adaptation (DIA) procedure was used to detect and eliminate the effect of

outliers (Teunissen, 2018).

Table 3 A general overview of GNSS data considered in this research

Station Institute Clock Type Receiver Type Antenna Type Location
APM1 TRIMBLE ALLOY TRMS5791.00 30.53°N,
APM H-maser .
APM3 SEPT POLARXS ~ TRM159800.00  114.36°E
PTBB SEPT POLARXSTR LEIAR25.R4 52.30°N,
PTB H-maser .
PT10 JAVAD TRE_G3T NAX3G + C 110.46°E

This study aims to examine the variations in receiver code bias utilizing the TVRCB model
and investigate their influences on GNSS time transfer. Figure 1 provides a visual
representation of the variations in receiver code bias for both L1 and L2 frequencies computed
using the proposed method of the receiver APM1 on Days of Year (DOYs) 285-320, 2022.
Two main conclusions can be drawn from the figure. Firstly, the time-dependent nature of
receiver code biases is substantial and necessitates consideration in GNSS applications
susceptible to these biases, such as time transfer and ionospheric monitoring. Notably, the
receiver code bias for both L1 and L2 frequencies demonstrates temporal variability. Secondly,
the variations in receiver code biases closely correlate with the carrier frequency. Specifically,
the receiver code bias for L1 experiences a declining trend over time, whereas the bias for L2

showcases irregular variations.

Further supporting these conclusions, Figure 2 presents the variations in receiver code biases
for the receiver APM3. It is evident that both L1 and L2 frequencies exhibit significant time-
varying characteristics in their receiver code biases. Additionally, while the biases for L1 and

L2 demonstrate a similar trend, disparity exists in their magnitudes.
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Figure 1 Variations of receiver code biases of L1 and L2 for receiver APM1 on Days of Year

(DOYs) 285-320, 2022
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Figure 2 Variations of receiver code biases of L1 and L2 for receiver APM3 on DOYs 285-
320, 2022

In addition to the conclusions mentioned above, Figures 3 and 4 depict the estimated variations
in receiver code bias for two receivers, PTBB and PT10, respectively. While both devices
exhibit similar long-term patterns in their receiver code biases, there are noticeable differences
in their short-term fluctuations. These findings highlight the importance for the time

community to consider the significant influence of both long-term and short-term variation
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characteristics of receiver code bias on GNSS time transfer. Understanding these variations

becomes crucial to account for their impact on time transfer applications accurately.
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Figure 3 Variations of receiver code biases of L1 and L2 for receiver PTBB on DOY's 285-
320, 2022
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Figure 4 Variations of receiver code biases of L1 and L2 for receiver PT10 on DOY's 285-320,
2022

It is essential to highlight that in GNSS time transfer, the receiver clock offset estimation
incorporates the IF receiver code bias, which requires special attention. Figures 1 to 4 provide
insights into the variations of receiver code bias for each frequency across four receivers, and

Figures 5 and 6 focus on the time-varying characteristics of the IF receiver code bias. These



figures reveal that while the receiver code bias for each frequency may exhibit significant time
variations, the variation in the IF receiver code bias might not be as pronounced due to potential

correlations between the two frequency biases in certain receiver type.
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Fig. 5 Variations of IF receiver code bias for receivers APM1 and APM3, respectively, on

DOYs 285-320, 2022
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Fig. 6 Variations of IF receiver code bias for receivers PTBB and PT10, respectively, on DOY's
285-320, 2022

For instance, by comparing Figure 1 with Figure 5, one can see that for receiver APMI1, the
variation in L1 is more prominent compared to that in L2. This suggests that the variation tend

in the IF receiver code bias aligns more closely with the variation observed in the receiver code
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bias for L1. On the other hand, when considering Figures 2 and 5, the receiver APM3 code bias
for both the L1 and L2 displays a similar trend, resulting in a less noticeable variation in the IF

receiver code bias. Similar conclusions can be drawn from the findings of PTBB and PT10.

In summary, it is evident that receiver code bias exhibits time-varying characteristics, and it
would be inappropriate to treat it as a time-invariant parameter in the context of time transfer.
Consequently, the following section of the study will analyze the impact of these time-varying

characteristics of receiver code biases on GNSS time transfer.
5.4 Impacts of Time-varying Receiver Code Biases on GNSS Time Transfer

The primary objective of investigating time-varying receiver code biases is maximizing GNSS
time transfer performance. In this study, the potential impact of these time-varying biases on

GNSS time transfer is explored using two models: the UDUC PPP model and the TVRCB

model.

Figure 7 shows the time difference obtained from APM1-APM3 utilizing both the UDUC PPP
and TVRCB models discussed earlier. APM1 and APM3 are synchronized with the same H-
maser clock, which eliminates the influence of the atomic clock itself, providing an ideal setup
to investigate the influence of receiver code bias variations on GNSS time transfer. In this
common clock scenario, the performance of GNSS time transfer relies solely on the estimated

IF receiver code bias.
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Figure 7 Time difference between receivers APM1 and APM3 with the UDUC PPP and
TVRCB models on DOY's 285-320, 2022
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When the UDUC PPP model is employed, the time difference exhibits significant time
variation, which diminishes the performance of GNSS time transfer. However, when the
proposed TVRCB model, which accounts for receiver code bias variations, is utilized, the time
difference demonstrates improved stability. The standard deviation of the time difference for
the UDUC PPP model and the TVRCB model is measured at 54.49 ps and 27.59 ps,
respectively, indicating a notable enhancement of 49.3% when utilizing the TVRCB model.
These results affirm that incorporating receiver code bias variations into the model, as done in
the TVRCB approach, is advantageous for GNSS time transfer. By considering the time-
varying characteristics of receiver code biases, the proposed TVRCB model outperforms the
UDUC PPP model, emphasizing the importance of accounting for these variations to enhance

the performance of GNSS time transfer.

Figure 8 illustrates the modified Allan deviation (MDEV) of the time differences between
APMI1 and APM3, which leads to two important conclusions. Firstly, the short-term stability
of the UDUC PPP model is superior to that of the TVRCB model. For instance, the frequency

stability for an averaging time of 120 s using the UDUC PPP and TVRCB models is 5.15x10™"*

and9.60x10™"*, respectively. This is attributed to the TVRCB's estimation of the time-varying
receiver code bias, which increases the noise of the parameter estimation and reduces the short-
term stability. Secondly, due to the incorporation of time variation of the receiver code bias,
the TVRCB exhibits distinct advantages for the long-term stability. For example, the frequency
stability for an averaging time of one day for the UDUC PPP and TVRCB models is
3.57x107'° and 2.86x107'°, respectively. This represents a 19.9% improvement in the
frequency stability using the TVRCB model compared to the UDUC PPP model, thus

emphasizing the benefits of considering receiver code bias variations.

The second experiment involves the PTBB and PT10 receivers, utilizing the same H-maser
clock. Figure 9 illustrates that the performance improvement achieved by the TVRCB model
compared to the UDUC PPP model for PTBB-PT10 is not as pronounced as observed for
APMI1-APM3. This disparity can be attributed to the fact that the variations in receiver code
bias for PTBB-PT10, as depicted in Figures 5 and 6, are not as significant as those observed

for the receivers APM1-APM3.
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The corresponding standard deviation of the time difference for the UDUC PPP and TVRCB
models is 58.48 ps and 55.56 ps, respectively, indicating a relatively minor improvement.
Further supporting these findings, Figure 10 presents the MDEV of the two models for the
receivers PTBB-PT10. From the figure one can see firstly, the short-term stability of the
TVRCB model is inferior to that of the UDUC PPP model due to the additional estimation of
receiver code bias variations. For instance, the frequency stability for an averaging time of 240
s is 17.5% lower in the TVRCB model than the UDUC PPP model. Secondly, the performance

of long-term frequency stability experiences significant improvement when variations in
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receiver code bias are considered. The frequency stability for an averaging time at one day for

the two models is3.89x107'° and 2.50x107"°, respectively, showing an improvement of 35.7%.
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Figure 10 MDEV of the PTBB-PT10 with the UDUC PPP and TVRCB models
5.5 Chapter Summary

The GNSS time transfer relies on the assumption that receiver code bias remains time-invariant,
which is challenging to achieve. The time community has recognized the significance of
considering receiver code bias variations. However, the existing solution of separately
controlling receiver, antenna, external clock and cable biases is complex and expensive.
Therefore, in this study, a new GNSS time transfer model based on the traditional UDUC PPP
model is proposed, where receiver code bias variations are estimated within the model to
mitigate their impact on time transfer. The proposed method estimates the receiver code bias
variations caused by the receiver, antenna, and cable, which is simple and low-cost and does

not require complex external environments and hardware conditions.

Experimental results obtained from the APM and PTB laboratories were utilized to validate
the proposed model and explore the effects of receiver code bias variations on GNSS time
transfer. The significant variations in receiver code bias and their strong frequency dependence
are confirmed, which must be accounted for in GNSS time transfer. However, it is found that
the parameter estimation noise becomes more significant in the TVRCB model compared to
the UDUC PPP model, resulting in reduced short-term stability. Nevertheless, test results show
that long-term stability has been significantly improved after considering receiver code bias

variations.
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This study presents a novel and innovative approach to effectively mitigate receiver code bias
variations in GNSS time transfer, which has been validated through the utilization of common-
clock time links. In contrast to conventional complex schemes that are employed to control
receiver code bias variations, the proposed approach exclusively resolves the detrimental
effects caused by these variations at the algorithmic level. This pioneering method offers
essential technical support for the future development of GNSS time transfer. However, it is
essential to note that achieving a significant improvement in GNSS time transfer performance
requires addressing several challenges, including applying high-precision optical clocks,
synchronization estimation of satellite clocks, and accounting for receiver code bias variations.
The thesis addresses the impact of these challenges on GNSS time transfer at the algorithmic
level and proposes solutions in different chapters. With the anticipated widespread use of high-
precision optical clocks in the future, the solutions proposed in this thesis are expected to

contribute significantly to the advancement of the next generation time reference.
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6 UDUC Precise Orbit Determination of LEO Satellites

The precise orbit determination (POD) of low Earth orbit (LEO) satellite is a fundamental
requirement for various space science applications. In this regard, this chapter aims to facilitate
the successful implementation of space applications for GNSS time transfer in subsequent
chapters by examining the limitations of the current LEO POD methods and proposing a new
POD method that is well-suited for both absolute and relative POD based on modelling
undifferenced and uncombined (UDUC) observations. The research findings of this chapter are
presented in the following publication:

Mi, X., Allahvirdi-Zadeh, A., El-Mowafy, A., Huang, Z., Wang, K., Zhang, B., & Yuan, Y.
(2023). Absolute and relative POD of LEO satellites in formation flying: Undifferenced and
uncombined  approach. Advances in  Space Research, 72(4), 1070-1080.
https://doi.org/10.1016/].asr.2023.05.024
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Abstract

Absolute or relative precise orbit determination (POD) is an essential prerequisite for many low earth orbit (LEO) missions. The POD
of LEO satellites typically relays on processing the onboard global navigation satellite system (GNSS) measurements. The absolute POD
is usually based on an ionosphere-free (IF) combination, and currently, integer ambiguity resolution (IAR) can be achieved only when
external GNSS satellite phase bias (SPB) products are used. The use of these products is not flexible in multi-frequency/multi-constella
tion scenarios and is difficult to achieve in real-time missions. For relative POD, the double-differenced (DD) with IAR is the most gen-
eral method. However, the differencing process amplifies observation noise and loses the opportunity to impose dynamic constraints on
some eliminated parameters. In this contribution, based on the use of undifferenced and uncombined (UDUC) observations, a new
model for both absolute and relative POD is proposed. In this model, the ambiguities of common-view satellites are constructed into
DD form, thus IAR can be achieved without any external SPB products. Working with the UDUC observations, multi-frequency sce-
narios can be easily applied, and residuals can be separated for each frequency. In addition, with precise GNSS satellite clock/orbit prod-
ucts, both the absolute and relative orbits can be derived, which supports absolute and relative LEO POD. Based on onboard GPS
observations of T-A and T-B satellites in formation flying, the performance of the UDUC POD model with DD ambiguity was evalu-
ated. With the UDUC algorithm and TAR, the proposed model presented a consistency of 2.8-3.8 cm in 3D with the reference orbits, and
the orbit difference was reduced by 16.3% and 10.6% for T-A and T-B compared with the IF-based POD, respectively. In addition, the
relative orbit of the two satellites derived from the proposed model showed a consistency of 1.1-1.5 mm, which proved the feasibility of
the UDUC POD model with DD ambiguity for formation flying missions.
© 2023 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Keywords: Low Earth Orbit (LEO); Precise Orbit Determination (POD); Formation flying; Global Navigation Satellite System (GNSS); Integer Amb-
iguity Resolution (IAR); Undifferenced and Uncombined (UDUC)
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1. Introduction

Low Earth Orbit (LEO) satellites are those with orbital
altitudes generally between a few hundred kilometers and
1500 km, which enables earth and space exploration with
high-precision and high spatial-temporal resolution. Accu-
rate orbital information in an absolute or relative mode is
an essential prerequisite for many LEO missions
(Montenbruck et al., 2009; Bandyopadhyay et al., 2016).
The global navigation satellite system (GNSS) and the
dynamics of LEO satellites have been used in the precise
orbit determination (POD) algorithms. The kinematic
and reduced-dynamic approaches are the two main POD
methods developed during the past decades (Allahvirdi-
Zadeh et al., 202la, Allende-Alba et al., 2017
Montenbruck et al., 2018; Yunck et al., 1994). Compared
to the reduced-dynamic method which exploits extensive
dynamic models to estimate orbit perturbations, the kine-
matic POD is based on precise positioning using GNSS
observations without considering any dynamic model
(Allahvirdi-Zadeh et al., 2021b; Li et al., 2019¢). Currently,
there are several hundreds of LEO satellites, including
nanosatellites and CubeSats flying in the LEO region. This
number will increase in the coming years with more satel-
lites launched for, e.g., aiding GNSS in Positioning, Navi-
gation, and Timing (PNT) applications (Li et al., 2019a; Li
et al., 2019b; EI-Mowatfy et al., 2022). In this sense, abso-
lute and relative POD of LEO constellations are particu-
larly essential mainly in (near) real-time.

Due to the introduction of precise satellite orbit and
clock products, kinematic POD uses the concept of precise
point positioning (PPP) (Bertiger et al, 2010; Zumberge
et al., 1997) to obtain the state solution of a single LEO
satellite. It is widely used in the absolute POD of LEO
satellites (Hauschild et al., 2016), mainly when the orbits
are required to not be affected by dynamic models. How-
ever, general kinematic POD wusually utilizes the
ionosphere-free (IF) combination, which has three disad-
vantages. Firstly, the IF combination causes a waste of
observation information as only one independent parame-
ter is eliminated at the expense of using more observational
information (Teunissen, 2020). Secondly, as we explain in
the paper, it is not conducive to the expansion of multi-
frequency scenarios (Odijk et al., 2016). Thirdly, the ambi-
guities lose their integer characteristic in the IF model,
which is not restored unless by applying external correc-
tions, and limits the performance of the LEO POD. The
integer ambiguity resolution (IAR) is needed for realizing
high-precision GNSS positioning (Teunissen, 2001). There
are some methods to achieve the POD with IAR, which are
mainly based on the use of external satellite phase bias
(SPB) products (Laurichesse et al., 2009; Ge et al., 2008;
Collins, 2008). However, these methods are still based on
the IF combination and are thus limited by its drawbacks
(Odijk et al., 2016; Teunissen and Khodabandeh, 2015).

In addition to the absolute POD, accurate knowledge of
relative states (position and velocity) and the baselines
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between LEO satellites are required in formation flying
missions, as well as docking and rendezvous in space
(Bandyopadhyay et al., 2016; Gill et al., 2007). To achieve
high-precision relative state solutions, the double-
differenced (DD) model with IAR is favored to remove
highly correlated parameters and recover the integer nature
of the ambiguities (Jdggi et al., 2012; Yi et al., 2022). How-
ever, this approach also has some drawbacks. Firstly, the
DD model requires strict common-view satellites, which
is not guaranteed for high-speed LEO satellites flying at
different altitudes in the complex space environment. Sec-
ondly, the assumption of the differencing is that the elimi-
nated parameters, such as receiver biases, do not have any
time links (Zhang et al., 2019; Odijk et al., 2017). However,
this is not the case in actual scenarios (Allahvirdi-Zadeh
et al., 2022). The differencing process thus loses the oppor-
tunity to impose dynamic constraints on the eliminated
parameters (Zhang et al., 2022). Thirdly, the noise of the
DD observations is doubled compared to the original
observations, which is unfavorable for high-precision rela-
tive navigation in formation flying missions, and this has to
be considered when modelling their stochastic properties,
e.g. in their covariance matrices. There are some remedies
for these drawbacks that are implemented for the real-
time kinematic (RTK) positioning application on the
ground by constructing a single-differenced (SD) model
using the S-system theory (Odolinski et al., 2015b; Mi
et al., 2019). In this case, the stability of the receiver code
and phase biases can be used to increase the strength of
the model (Mi et al., 2020). However, the SD model still
ignores the stability of code and phase biases at the GNSS
end. In addition, the observation noise is amplified during
the construction of the SD model compared to the undiffer-
enced (UD) observations.

An alternative approach for the GNSS positioning is
based on the undifferenced and uncombined (UDUC)
GNSS observation equations (Zhang et al., 2011). In the
UDUC approach, neither (single or double) differences
are taken nor combinations are formed in the observation
domain (Teunissen and Khodabandeh, 2015). The advan-
tages of UDUC formulation have been recognized in geo-
desy and GNSS for a long time (Lindlohr and Wells, 1985;
De Jonge, 1998; Lannes and Prieur, 2013). With uncom-
bined formulation, one can extend the observation equa-
tions to arbitrary frequencies, and the ionospheric delays
also remain in the observation equations, which can be esti-
mated for use in environmental studies (Zha et al., 2021).
Working with the undifferenced formulation allows all
the parameters (after necessary re-formulation) to remain
available for possible further model strengthening
(Khodabandeh and Teunissen, 2015; Psychas et al.,
2022). In addition, the UDUC observation equations allow
the use of the simplest variance matrix without amplifying
the observation noise. However, rank deficiencies need to
be considered in the UDUC observation equations since
the unbiased estimation of all parameters is impossible
(Teunissen, 1985). The application of UDUC method in
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LEO POD has been initially explored and has demon-
strated its superiority compared with existing methods in
various studies (Zehentner and Mayer-Giirr 2016;
Suesser-Rechberger et al., 2022).

In this contribution, a new POD model based on the
UDUC observations is developed. After removing the rank
deficiencies, the ambiguities are presented in the DD form
to facilitate the TAR. With the introduction of precise
GNSS satellite orbit and clock products, both absolute
and relative POD can be achieved using the proposed
model. The paper aims to study the benefits of the UDUC
formulation and IAR for both absolute and relative POD.
In the next section, the UDUC POD model with DD ambi-
guity is first developed. Next, the proposed model is veri-
fied using T-A and T-B LEO satellites in both absolute
and relative POD cases. In the last section, the findings
are summarized and the conclusions are given.

2. Methodology

In this section, based on the raw GNSS observations, a
full-rank UDUC POD model with DD ambiguity will be
constructed with the application of the S-system theory
(Teunissen 1985; Odijk et al., 2016). It will be shown how
the model applies to the absolute and relative POD of
LEO satellites.

2.1. UDUC GNSS observation equations for LEO satellite

As the starting point of developing the model, we first
give the equations for raw GNSS code and phase observa-
tions of the LEO satellite, which read,

Py =P dt, —de + il +d,; — '+ 8
B, = Py dty — e — L+ NS+ O,y — O+ 8

J

(1)

where p; ; and ¢, ; are the raw code and phase observables
with GNSS satellite s, LEO satellite » and frequency j,
respectively.p? is the GNSS-LEO satellite range, which
includes the antenna calibration of phase center offset
(PCO) and variations (PCV) for code and phase, and phase
wind up for the phase. df. and dr* are the LEO and GNSS
satellite clock offsets, respectively./; and u; = ijz. /23(2; is the
wavelength of frequency j) are the ionospheric delay on the
first frequency and its coefficient.V; ; is the phase ambigu-
ity. d.; and &', are the LEO and GNSS satellite code biases,
respectively, and their counterpart J,; and ¢’; are the LEO
and GNSS satellite phase biases. ¢, ; and ¢ ; denote the
code and phase observation noises and miss-modeled
effects including multipath.

2.2. Uncombined (UC) POD model

Due to the existence of the following rank deficiencies,
the unknowns in Eq. (1) are difficult to be estimated indi-
vidually. Therefore, as the first step in constructing the
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full-rank model, it is necessary to identify these rank defi-
ciencies using the S-system theory. With m GNSS satellites
and f frequencies tracked at each epoch, eight types of
rank deficiencies with one LEO satellite are identified
(Odijk et al., 2016; Mi et al. 2023), in the corresponding
class:

1. Between the LEO and GNSS satellite clocks of size 1;

2. Between the LEO and GNSS satellite code biases of
size [

3. Between the LEO and GNSS satellite phase biases of
size [

4. Between the LEO satellite clock, code biases and
phase biases of size 1;

5. Between the GNSS satellite clocks, code biases and
phase biases of size m;

6. Between the GNSS satellite phase biases and ambigu-
ities of size [ x m;

7. Between the ionospheric delays, LEO satellite code
and phase biases of size 1;

8. Between the ionospheric delays, GNSS satellite code
and phase biases of size m.

where the size means the number of rank deficiencies.

Let’s review how the classical IF model for the kine-
matic POD is formed from Eq. (1) and what are the draw-
backs of such a model. To achieve precise kinematic POD
of LEO satellites, precise GNSS satellite orbits and clocks
are necessary. When using precise satellite clock products,
the rank deficiencies of types 1 and 5 no longer exist.

dt = dr +d’y is the precise satellite clock provided by

the International GNSS Service (IGS), where
dyp = 20d’ — -d’,. For classical PPP based on the

IF combination, the seventh and eighth types of rank defi-
ciencies do not need to be considered either. After solving
the remaining four rank deficiencies (No. 2, 3, 4, and 6), the
full-rank model of the IF POD model can be expressed as:

~S ~
Dy =Py, + dt, + &y 1F

~S8 ~S

(2)

¢r,1F =p;+ dt, — 5r,1F + & r

~. ~S ~§ ~S .
where pj’ =Dy +dt and ¢, . = ¢, +dt , respectively.

d?, = dt, + d, r 1s the estimable LEO satellite clock offset,
where d.; is the IF LEO code bias.

5r7,F = 0,;p — &) — dryp + ApNy p is the estimable phase
ambiguity. As presented in Eq. (2), although the iono-
spheric delays are eliminated, the observational noise is
amplified at the same time. Taking the dual-frequency case
as an example, the IF combination is formed in code and
phase observations, respectively, but only an independent
parameter of the ionosphere delay is eliminated, resulting
in a waste of observational information. This is critical
for the onboard receivers with a limited number of chan-
nels tracking GNSS satellites. In addition, in multi-
frequency scenarios, multiple IF combinations can be
formed, but this approach has two drawbacks. The first
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is wasting observational information, and the second is
obscuring the possible correlations between the combined
observations (Teunissen, 2020). Therefore, the IF combina-
tion is not the optimal choice for multi-frequency multi-
constellation GNSS data processing.

To provide a solution to such limitations, we form the
full-rank model for the UC observation (Zha et al.,
2021). With precise satellite clock products, we are free
from the first and the fifth types of rank deficiency. These
deficiency types are described in the section ““Uncombined
(UC) POD model” in the paper. To address the second
and the third types of rank deficiency, the LEO code biases
(d,;) and phase biases (J,,;) are chosen as the S-basis,
respectively. The rank deficiency (of size 1) between the
LEO satellite clock, code biases and phase biases can be
eliminated by fixing the IF code bias of the LEO satellite
as an S-basis. For the rank deficiencies between the iono-
spheric delays, LEO satellite code and phase biases and
between the ionospheric delays, GNSS satellite code and
phase biases are usually eliminated by fixing the
geometry-free (GF) code bias of the LEO satellite and
GNSS satellite as the S-basis, respectively. After solving
those rank deficiencies, the full-rank UC POD model can
be expressed as (Zehentner and Mayer-Giirr, 2016),

~S ~S8

p, *pr+dt +ul,—d, +¢,,

i T (3)
(rbrj_pr—i_dt :u]; 5 +8(/)j
where E:/ =p,+ di and dwb” =, + di are code and
phase  observables  with  satellite clock  cor-
rected; =1 +dgr— d‘fGF is the estimable ionospheric
delay. d,gr = Mlm(d,tz —d,1) and d'. = (a” —d)

denote the GF code bias of LEO and GNSS satellites,

respectively. :in J=d = d = wdoe —dy+dor + wd,Gr
is the combined GNSS and LEO satellite code bias with
j = 3, which shows the ﬂex1b111ty of the UC POD model

for multi-frequency expansion. 5 =0 —dy + wd'oe—
AN’ ;‘/ Orj+drr — Wd.cr is the combined GNSS and
LEO satellite phase bias, which also absorbs the ambiguity
parameters. In addition, it can be seen from Eq. (3) that the
UC POD model retains the original observation noise and
facilitates the analysis of residuals at each frequency; some-
thing that is not possible for the IF POD model.

2.3. UDUC POD model with DD ambiguity

Concerning the absolute POD for LEO constellations,
there are two points that cannot be ignored. First, the
phase ambiguities are present in the float form in the UC
POD model, which limits the POD performance. Second,
the properties of the common-view GNSS satellites in the
LEO constellation are ignored. With the help of these
common-view satellites, the joint POD of the LEO constel-
lation can be realized, which can improve computational
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efficiency compared with the satellite-by-satellite POD. In
addition, DD ambiguities with integer characteristics can
also be constructed with the help of the common-view
satellites. In the relative POD, the DD model is widely used
because the model does not have any rank deficiency. How-
ever, the DD model only obtains relative states and
requires strict common-view GNSS satellites. Possible
non-common-view satellite observations are wasted in such
cases.

Considering the above points, we present here a model
that can serve both the absolute and relative POD based
on the UC POD model by taking advantage of the charac-
teristics of common-view GNSS satellites. Satellites 4 and
B are assumed in a LEO constellation, so that the model
can be easily extended to other multi-satellite cases. For
the common-view GNSS satellites the satellite code and
phase biases d', —d', — p,d’'s. and &', —d’ —i—yjd cr are

the same for the LEO satellites 4 and B. Taking d ,; and

d,; as the S-basis, the parameters to be estimated can be
reduced. In addition, the ambiguities can be constructed
in the DD form. In this case, the UDUC POD model with
DD ambiguity can be constructed as follows,

—dyte
5A/+8¢/
dA]—i—dABj-i-F

5A/ + 5AB/ + /“jNiiiB/

_pA +th+,u]
qﬁA,
pB,—pB+dtB+u,

¢3,_,- = py+diy -

pA +th _,u’/

¢i

where dAB,j = dBJ' — dA‘j — dABJF — ,u_,‘dAB‘GF is the between-

LEO code bias when j=3 and
Oapj = 0pj — Oaj — dapir + Wdapcr + 4 NLB, is the
between-LEO phase bias with j > 1. Nl - = Ni, . — N},

is the DD ambiguity. Kalman filter is used in the UDUC

~S

model with DD ambiguity, where cﬁi’ABh,-,gAB,,dAj,éAj and

Ny ; are estimated as time-invariant parameters.
The UDUC model with DD ambiguity has the follow-
ing advantages:

1. The model can estimate the absolute orbit of each LEO
satellite as well as the relative state between LEO satel-
lites, thus can serve both absolute and relative POD.

. The ambiguities are in the DD form, thus IAR can be
performed without external SPB products.

. Joint POD of a LEO constellation reduces the number
of estimated parameters, which can improve computa-
tional efficiency.

. Code and phase biases at both LEO and GNSS-end
remained for further model strengthening.

. For those GNSS satellites which are non-common-view,
they also contribute to POD with the UC POD model.
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The model, however, has two extreme cases. Firstly,
when the distance between the LEO satellites is long such
that there are no common-view GNSS satellites at all, this
will be equivalent to having two LEO satellites performing
the UC POD model separately. Although this method can
be applied to long baselines in theory, it might be difficult
to solve the IAR due to the length of the baseline being too
long in practice, which will affect the accuracy of the POD.
Secondly, when the common-view GNSS satellites of the
two LEO satellites are the same, which is equivalent to
the relative POD based on the UD model. It should be
mentioned that in the second case, the UD model also
has advantages over the traditional DD model since it
can better utilize the stability of LEO and GNSS satellite
biases to improve the model strength.

Eq. (4) can be defined as the ionosphere-float UDUC
POD model with DD ambiguity, as no constraint is
assumed between I°, and [} in this situation. However,
when the distance between the two LEO satellites in forma-
tion flying is between 10 km and 200 km, the model
strength can be improved by imposing SD ionospheric con-
straints with pseudo-observables (Odijk, 2000; Odijk,
2002). Adding those observables enables a-priori reason-
able information on the ionospheric delay. In this case,
the ionosphere-weighted UDUC POD model with DD
ambiguity can be constructed as follow,

Py = Py il - dy, e,
Oy = P+ dls =l = 8+
5%,; =pp+ dy + .“_/;i; + Wl + wdapcr — CN[L, + ;ABJ +é;
B, = Py din — Iy — Wl — wdsor — O, + damy + NS,
+ey
;,Sw =1 ius' + 323
(5)

where I:B and I, is the between-LEO SD ionospheric
delay and its pseudo-observables. &, is the random obser-
vation noise of the between-LEO SD ionospheric delay.
With the between-LEO differential code biases (DCB)
dp.cr, the ionospheric delay of LEO satellite B does not
need to be estimated in the model, consequently, the model
strength improves.

In addition, if the distance between LEO satellites is less
than 10 km, it is safe to assume /%, = 0 (Odolinski et al.,
2015a). Thus, the ionosphere-fixed UDUC POD model
with DD ambiguity can be written as,

~S

Pay =Py tdtat il —dy + e,
Pay

I;B.j = pi—,» + dtB + :ujIA + ,UjdAB,GF - d,q,j +

~S ~S8

=Py tdiy =l =0, +e,

dABJ + 8;7,1'

(I)B,j =pp+ d;B —wl, — wdapcr — 5A,j + 0up; + )ng:;}J +e;
(6)
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where the interpretation of the estimated parameters is the
same as in Eq. (5).

3. Results

This section will first introduce the LEO satellites
involved in this experiment. The data processing strategy
of LEO will be given, and the results of absolute and rela-
tive POD will be shown on this basis.

3.1. LEO data and processing strategy

The satellites used in our experiments are two LEO
satellites T-A and T-B, working in a formation flying
(Lou et al., 2020). T-A and T-B orbit the Earth at
527 km altitude in an orbital plane with an inclination of
97.5°, completing one revolution in roughly 95 min (Yi
et al., 2021a; Zhang et al., 2021). The relevant characteris-
tics of the mission are summarized in Table 1.

To validate the feasibility and effectiveness of the
UDUC POD model with DD ambiguity, we test using
the onboard GPS data of T-A and T-B satellites from
September 2nd to 8th, 2021. GPS L1 and L2 observations
with a sampling rate of 10 s were used in our study. The
IGS final precise GPS orbits and clocks products were used
(Johnston et al., 2017), and GPS P1-C1 DCB was corrected
using the monthly DCBs published by the Centre for Orbit
Determination in Europe (CODE) (Dach et al., 2016).
Considering that the distance between T-A and T-B is usu-
ally within two kilometers (Zhang et al., 2021), the
ionosphere-fixed UDUC POD model with DD ambiguity
was adopted. The main data processing strategies for the
UDUC POD model with DD ambiguity are summarized
in Table 2.

3.2. POD performance of the UDUC POD model with DD
ambiguity

Comparing the orbit solutions with precise reference
orbits is a simple and effective means of evaluating the
LEO POD model. In this section, the kinematic orbits gen-
erated using the UDUC POD model with DD ambiguity
are compared with the reference orbits provided courtesy
of the operating team of the mission of T-A and T-B.

Table 1

An overview of the mission.

Item Index

Satellites T-A and T-B

Orbit Sun-synchronous
Altitude 527 km

Inclination 97.5°

Period 95 min

GNSS system tracked GPS and BDS-3
Measurement Code, Phase and Doppler

Sample interval ls
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Table 2

Main data processing strategies in the study.

Item Strategy

Observation GPS L1 + L2

GPS antenna offset

LEO antenna offset

LEO attitude

SPB

Between-LEO phase biases
Between-LEO DCB

Slant ionospheric delays
Parameter estimator

IAR and validation

Outlier detection and elimination

PCO and PCV are corrected with IGS igsl4.atx (Rebischung and Schmid, 2016)
PCO is corrected with the value from the data provider

Quaternions from onboard star trackers

Estimated as time-constants in a continuous arc

Estimated as time-constants

Estimated as a time-constant

Estimated as white noise

Kalman filter

LAMBDA (Teunissen, 1995) with ratio test (Verhagen and Teunissen, 2013)
Detection, identification, and adaptation (DIA) procedure (Teunissen, 2018)

The reference orbits of the two satellites are generated
using a reduced-dynamic model in post-processed batch
least-squares adjustment. IAR is performed for the refer-
ence orbits with the SD method (Yi et al., 2021; Zhang
et al., 2021). To show the performance improvement with
the use of our model compared to the classical POD model,
the orbits of the classical kinematic IF POD are calculated
using Bernese GNSS software V5.4 (Dach and Walser
2015). The kinematic orbits generated by Bernese GNSS
Software are ambiguity-fixed solutions using the phase bias
products provided by the CODE (Schaer et al., 2021).
Fig. 1 shows the orbit differences of the kinematic IF
POD and UDUC POD with DD ambiguity solutions for
T-A with respect to the reference orbit on the day of year
(DOY) 248 (September 5th), 2021. There is a gap in the
results for nearly two hours due to multiple satellite
maneuvers during this period with some orbital data miss-
ing. Compared with the IF POD, the orbits calculated by

the UDUC POD with DD ambiguity are more consistent
with the reference orbit. The root mean square (RMS) val-
ues of the orbit differences in three directions for the IF
POD are 2.7 cm, 2.6 cm and 2.6 cm and that for the UDUC
POD with DD ambiguity are 2.0 cm, 2.2 cm and 2.3 cm.
The reduction of the orbit differences of the proposed
model is thus 25.9%, 15.4% and 11.5% compared to the
IF POD, respectively. The UDUC POD with DD ambigu-
ity performs better than the IF POD for the following rea-
sons. Firstly, TAR is achieved for the UDUC POD with
DD ambiguity, which guarantees high-precision orbit solu-
tions. Secondly, ionospheric constraints are considered in
the UDUC POD with DD ambiguity, enabling instanta-
neous TAR to speed up the solution convergence process.
Fig. 2 is analogous to Fig. 1 but illustrates the results for
T-B. Unlike T-A, T-B does not have any maneuvers on this
day. From the results, it can also be seen that the UDUC
POD with DD ambiguity performs better than the IF

IF POD UDUC POD with DD ambiguity
0.15 RMS=2.7 cm 0.15 RMS=2.0 cm
= ,L b g . 1d f . % \
f o PANWAAAMNAN AN o PR AN,
-0.15 -0.15
0.15 RMS=2.6 ¢m 0.15 RMS=2.2 cm
—~ i f“.
E o pMerAe A ‘\/\/W 0 /il VAL At
>.
-0.15 -0.15
0.15 RMS=2.6 cm 015} RMS=2.3 cm
é 0 MMMPJ w 0 e /ﬁ(ﬂw WAM\,A».MM«»‘*/ Py iy
N ,
-0.15 -0.15
00:00 08:00 16:00 00:00 00:00 08:00 16:00  00:00
UTC Time

Fig. 1. Orbit differences of the IF POD and UDUC POD with DD ambiguity of T-A with respect to the reference orbit on DOY 248 (September 5th),

2021.
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Fig. 2. Orbit differences of the IF POD and UDUC POD with DD ambiguity of T-B with respect to the reference orbit on DOY 248 (September 5th),

2021.

POD from the RMS of orbit differences with the reference
orbit. The RMS of orbit differences for two models in three
directions are 2.7 cm, 2.2 cm and 1.6 cm and 2.3 cm, 2.1 cm
and 1.6 cm, respectively. Also note that the Bernese GNSS
Software results in the left panel of Fig. 1 are processed
based on batch least-squares adjustment, which can only
be achieved in near-real-time due to the processing time
of a few minutes up to more than 10 min, depending on
the computational efficiency. The UDUC results from the
right panel of Fig. 1 are processed with a Kalman filter,

15 T-A
CIF POD
[C—Jubuc POD
=10+t - -
5 : . I
~ _TllT_lr o
%) L T I L
= I T T T T -
o [ |: [ 'I
> 00 0 B Ba B 00 8
— L
1 1 1 1 | 1
1 1! L [ 'L I 1 > 1
ARSI
245 246 247 248 249 250 251
DOY

Fig. 3. Daily 3D RMS of orbit differences of the IF POD and UDUC
POD with DD ambiguity with respect to the reference orbits for T-A on
DOYs 245-251 (September 2nd to 8th), 2021.

which can be achieved almost in real-time with much
shorter delays.

The POD results of T-A and T-B covering one week in
the test period are shown in Fig. 3 and Fig. 4 with box-
whisker diagrams for the IF POD and UDUC POD with
DD ambiguity. In a box-whiskers diagram, the maximum
and minimum values are displayed. In addition, the first
and third quartiles are indicated by the top and bottom
edges of each box, while the median is marked as the cen-
terline of the box. The RMS values of the orbit differences

15 T-B
[ IF POD
[C—/Jubuc POD
E']O' -
L. . ! ) -,
® A
& |: T :l L :I
UL
1 Iﬁlﬂlﬁlalﬂll
R T T I T N TR S N T B
0 1,1 1,1 [ N T U U I U R I !
245 246 247 248 249 250 251
DOY

Fig. 4. Daily 3D RMS of orbit differences of the IF POD and UDUC
POD with DD ambiguity with respect to the reference orbits for T-B on
DOYs 245-251 (September 2nd to 8th), 2021.
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Fig. 5. IF phase residuals of the IF POD for T-A and T-B on DOY 247
(September 4th), 2021.

00:00

with respect to the reference orbit is displayed. The median
absolute errors amount to between 3.4 cm and 4.6 cm for
T-A with the IF POD. When using the UDUC POD with
DD ambiguity, corresponding values of 2.9 cm to 3.8 cm
were obtained for the testing period. For T-B, the median
of the absolute errors of the IF POD are from 3.0 cm to
3.6 cm and of the UDUC POD with DD ambiguity are
between 2.8 cm and 3.1 cm. The average percentage of
reduction in the orbit differences in 3D of the proposed
model is 16.3% and 10.6% for T-A and T-B, respectively,
compared with the IF POD. This comparison verifies the
advantages of the UDUC POD with DD ambiguity.

As an alternative indicator, phase residuals are usually
used to assess the internal precision of orbit solutions. As
we mentioned earlier, another advantage of the UDUC

T-A
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POD with DD ambiguity is that the original observation
noise is preserved and the residuals at each frequency can
be separated. However, the IF POD can only output the
combined phase residuals and cannot distinguish the con-
tributions of different frequencies. Take DOY 247, 2021
as an example, Fig. 5 presents the IF phase residuals of
the IF POD. The phase residuals fluctuate randomly
around the mean for both T-A and T-B. In addition, the
RMS of IF phase residuals for T-A and T-B are 5.0 mm
and 4.9 mm, respectively.

However, when the UDUC POD with DD ambiguity is
used, the phase residuals of L1 and L2 can be separated.
Fig. 6 shows the phase residuals of L1 and L2 separately
for T-A and T-B, respectively, from which two conclusions
can be drawn. Firstly, with the UDUC POD with DD
ambiguity, smaller residuals can be obtained compared
with the IF POD. Taking T-A as an example, the phase
residuals for L1 and L2 are 1.8 mm and 1.7 mm, respec-
tively, which is smaller than the IF residuals obtained from
the IF POD. The reasons are as follows. Firstly, the origi-
nal observation noise is preserved without amplification in
the UDUC method. Secondly, the phase residuals are fur-
ther reduced with successful IAR. In addition, for T-A and
T-B, the phase residuals of L2 are always smaller than that
of L1, which indicates that the L2 observations are more
accurate than that of L1, hence, they can play an important
role in POD.

With the UDUC POD with DD ambiguity, the orbits of
each LEO satellite can be obtained. In addition, relative
POD can also be achieved with this method. Fig. 7 depicts
the results compared to the reference baseline for seven
days. The reference baseline between T-A and T-B is gen-
erated based on the DD model with TAR. The median
absolute errors amount to 1.1-1.5 mm in 3D for the week
(September 2nd to 8th), respectively. The above results
show that the UDUC POD with DD ambiguity can

T-B

157

RMS=1.8 mm

1.5 RMS=1.7 mm

ST BT ST R o

RMS=1.7 mm

oM
5! ! 15
15} 15

RMS=1.5 mm

L2 Residuals (cm) L1 Residuals (cm)

-1.5+¢ 1 -1.5
00:00 08:00 16:00 00:00 00:00 08:00 16:00 00:00
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Fig. 6. L1 and L2 phase residuals of the UDUC POD with DD ambiguity for T-A and T-B on DOY 247 (September 4th), 2021.

1077



X. Mi et al.
6
5t J
T
—_ — I —_ -~ -
=45 ! I | [ ' .
& T
E : : : : : : E
I
g 3 F 1 : : : : 1 1 1
o : ! 1 ! ' ' !
A ! 1 I 1 : !
™ 2r 1
1 J
I 1 1 1 ] 1 1
oL+ a1 a1 1 - a1 a1
245 246 247 248 249 250 251
DOY
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achieve millimeter-level relative POD, which can be used
for formation flying, space docking and rendezvous
missions.

4. Conclusions

In this contribution, we developed a model based on the
UDUC observations that can be used for absolute and rel-
ative LEO POD, namely the UDUC POD model with DD
ambiguity. This model has the following characteristics,
making it well-suited for different LEO satellite missions
including formation flying:

1. The model is based on the UDUC observations,
which can be flexibly used in multi-frequency scenarios
and the original observation noise is not amplified as in
the difference modes.

2. DD ambiguities are formed with common-view
GNSS satellites, enabling IAR for high-precision LEO
POD without any SPB products.

3. All the parameters, such as code and phase biases of
LEO and GNSS satellites, remain available for possible
further model strengthening.

4. With the use of precise products, the non-common-
view GNSS satellites can also be used, and both absolute
and relative POD can be achieved.

5. Phase residuals of each frequency can be separated,
which is useful for exploring and analysing the contribu-
tion of observations with different frequencies.

Based on onboard GPS data from two LEO satellites
for formation flying, the performance of the proposed
UDUC POD model with DD ambiguity was evaluated.
In addition, classical kinematic IF POD was generated to
demonstrate the benefits of the proposed model. The orbits
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generated by the IF POD and the UDUC POD with DD
ambiguity for the two LEO satellites were compared with
the reference orbits. The experimental results showed that
compared with the IF POD, the differences between the
UDUC POD with DD ambiguity solution and the refer-
ence orbit were smaller. This result illustrates that the
UDUC algorithms and IAR were beneficial for LEO
POD. The phase residuals of L1 and L2 were obtained with
the proposed model, which are much smaller than the IF
phase residuals with the IF POD, which showed the advan-
tages of the UDUC model with DD ambiguity. By compar-
ing the computed distance from the estimated two LEO
satellite positions with their reference baseline, the ability
of the UDUC POD with DD ambiguity solution to achieve
millimeter-level relative POD was demonstrated, proving
that the model could be used for formation flying missions,
as well as space docking and rendezvous applications.

This study shows the potential of the UDUC algorithms
with TAR for absolute and relative LEO POD. The current
research is only focused on onboard GPS observations
without any dynamic modeling. However, if dynamic mod-
els can be introduced, the UDUC POD model with DD
ambiguity will hopefully serve real-time LEO POD with
TAR. Thus, our future work will consider the reduced-
dynamic POD based on the use of this model.
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7 LEO-Based GNSS Time Transfer Using the UDUC approach

7.1 Introduction

Precise orbit determination (POD) is essential in low-earth orbit (LEO) satellite missions.
However, alongside POD, the aspect of timing also assumes a critical role in various LEO
satellite missions, as highlighted by researchers (Cacciapuoti and Salomon, 2009; Guo et al.,
2022). These missions require accurate timekeeping, such as time stamping of altimetry
measurements, synchronization of payloads for formation-flying satellites, and constellation-
wide network synchronization (Nie et al., 2007). In addition, precise time information is crucial
for LEO satellites serving applications such as remote sensing and communication.
Furthermore, accurate information about the orbit and time of LEO satellites is a prerequisite
for positioning, navigation, and timing (PNT) services from LEO constellations, which is an

active research area.

Spaceborne timing applications present more complex challenges than terrestrial timing
applications. Firstly, the high-speed movement of the spaceborne GNSS receiver antenna
makes precise timing and real-time POD inseparable. This is because the instantaneous position
of LEO satellites, particularly their radial component, is related to the estimable receiver clock
offset (Kunzi and Montenbruck, 2022). Addressing the challenge of POD for LEO satellites is
discussed in Chapter 6. Secondly, the space environment for LEO satellites is highly complex,
which can lead to significant variations in receiver hardware delay. However, the method in
Chapter 5 can adequately compensate for the influence of those variations on LEO POD and

time synchronization, thus offering a viable solution to this challenge.

This chapter first introduces GNSS time transfer models considering time-varying receiver
code biases for LEO satellites. The models used are similar to that presented in Chapter 5.
Based on the proposed models, the chapter characterizes the achievable accuracy and precision
of real-time GNSS time transfer between LEO satellites that are equipped with external clocks.
Furthermore, the potential of LEO-based GNSS time transfer based on time links with the same

clock is investigated.
7.2 Full-rank GNSS Time Transfer Model for Spaceborne Applications

In the previous chapters, the various types of rank deficiencies in the UDUC GNSS
observations and the S-basis chosen to eliminate them are explained in detail. The critical

difference between spaceborne and terrestrial applications of the UDUC GNSS lies in whether
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the tropospheric delay needs to be considered. Consequently, this chapter presents the full-rank

GNSS time transfer model of spaceborne applications without the need for further derivation.

If the receiver code biases are assumed to be constant, then the classical UDUC PPP time

transfer for LEO satellites, based on Equation (5.2), can be expressed as

P () =p () +di (i)+ I ()-d'  +e& o
8,0 =P () +di, (i) - w1} ()= 5! +¢)

where ;:’j(i) = p, (i)+di" and (ij (i) = p; () +dt* with di* =dt' +d’, the precise satellite

clock, respectively. p’(i)is the GNSS-LEO satellite range, which includes the calibrated

values for the antenna phase centre offset (PCO) and variations (PCV) for code and phase

observations, and the phase wind up for the phase observations. d7, (i)=dt (i)+d, . is the

r,IF
estimable receiver clock offset and / L, =1 ()+d, o —d e is the estimable ionospheric
delay. The remaining parameters and their meanings are the same to those defined in Equation

(5.2).

If the receiver code biases are assumed to be variable, then the full-rank UDUC PPP time

transfer model considering time-varying receiver biases for LEO satellites reads,

B (D= gl +di, () +d, () + w7 (D =d) +é),

- N - - (7.2)
g, () =p(D)+dt, ()l ,(D)=-06,,+¢,,

where c?r’j(i)=dr’j(i)—dr’j(1) is the wvariation of receiver code bias with i>2 .

dt:,. (i) =dt.(i)+d, (1) and Z‘ (=1, () +d, ;- (1)—d, are the estimable receiver clock offset

and ionospheric delay, respectively. The remaining parameters and their meanings are the same

as in Equation (5.3).

However, as discussed in previous chapters, it should be noted that the concept of IAR is not
applicable in Equations (7.1) and (7.2), thereby, making phase observations underutilized.
Consequently, to make full use of phase observations and facilitate the study of GNSS time

transfer in space, the POD model introduced in Chapter 6 is expanded.

In situations where time-varying receiver code biases are not considered, Equations (4), (5),
and (6) from Chapter 6 can be directly utilized for GNSS time transfer for long, medium, and

short baselines in space. These models above can cater for both POD and time transfer
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applications and are therefore referred to as the traditional UDUC POD and time transfer model
with DD ambiguity for ionosphere-fixed, -medium, and -float, respectively. However, when
considering time-varying receiver code biases, these biases can be estimated within the model

employing the methodology proposed in Chapter 5.

When the time-varying receiver code biases are considered, the ionosphere-float UDUC POD
and time transfer model with DD ambiguity can be constructed based on Equation (4) in

Chapter 6 as follows,

PO = B+ )+ d O+ T (- 2
&j’-’ (D)= P () +di, (i)~ /”./]Nj,j (- 5}:,/‘ +&y
By (D)= py()+diy (i) +dy (D) + L) —d),, +d y , +5,

¢;1_;,j (i) = Py (i) +di, (i) —/”jiz; (i) - Sj,j + SAB,/‘ + /liNllj-’?J =y

(7.3)

whereazl =d, ()-d,.(1)-d D—ud 1) is the estimable between-LEO code bias
4B, B,j A, AB.IF H;4 4 cr

with j >3 and 5:/43,1:53 =0, —d D)+ p;d o (D+ ﬂ’jNLB,j is the between-LEO phase bias

»J

with j >1.

When the time-varying receiver code biases are considered for medium baselines, the
ionosphere-weighted UDUC POD and time transfer model with DD ambiguity can be given as

follow,

P =B+ di () +d, )+ T -, e,
§:,) = pi0)+di () - T (=5, + 25,
By, ()= By )+ diy i)+ dy )+ i Ty + gy e (D= 4y ), (T4)
B5.,0) = By 0) + iy ()= i, Ty = g, 1y o (V=53 465, + AN 55,
L) =Ly (Dt
where I, (i)and I’ (i) is the between-LEO SD ionospheric delay and its pseudo-observables

with &, the random observation noise. d ,; ;-(1)is the LEO between-satellite DCB, which

reduces the estimable parameters in the model and thus improves the model strength.
When the time-varying receiver code biases are considered for short baselines, the ionosphere-

fixed UDUC POD and time transfer model with DD ambiguity reads,
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B D= B +di () +d, )+, () -d), + e,

b,,) = B+ di (D) -, T, ()=, + &,

By (D)= By + diy (i) +dy (D) + i, 3 G) + 1y e () =5, 4+ 65
B (D)= By () +diy ()~ I (0) — 1, 1y o () =55, 48y, + AN, 65

(7.5)

where the interpretation of the estimated parameters is the same as in Equation (7.4).
7.3 LEO-based GNSS Time Transfer Performance

In this study, the performance evaluation of LEO-based GNSS time transfer is conducted using
real LEO data. The dataset used is the same as the one presented in Chapter 6. Specifically,
two LEO satellites, T-A and T-B, are equipped with external rubidium clocks with frequency

stability of 1x107"*, which serve as a time reference for time synchronization in space.

The study begins by investigating the time transfer performance between T-A and T-B using
the ionosphere-fixed UDUC POD and time transfer model with DD ambiguity (refer to
Equation 7.5). The short baseline between T-A and T-B allows for accurate modelling of
ionospheric effects. The processing strategies used in this phase are consistent with those

outlined in Chapter 6 (see Table 2), with the estimation of receiver code bias variations.

Figure 1 presents the time difference results of the T-A/T-B time link, with the mean values
subtracted. The time difference falls within a 20 ns range, indicating that the performance of
the spaceborne clocks carried by T-A and T-B is inferior to that of the clocks carried by GNSS

satellites. The standard deviation of epoch difference for this time link is 2.02 ns.
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Figure 1 Time difference between the LEO receivers T-A and T-B with different clocks on
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Figure 2 displays the MDEV of the time link over a week, allowing for examination of

frequency stability. For example, when considering the results at a one-day average time, the
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MDEYV of the proposed model is 2.21x107"*. This analysis reveals that the performance of
LEO-based GNSS time transfer between T-A and T-B is constrained by the quality of the
onboard clocks. Consequently, adopting of higher-precision atomic clocks, such as optical
clocks with time accuracy reaching the picosecond level along with frequency stability
surpassing 1x10™"® | offers an inevitable progression to achieve high-precision time

synchronization in space.
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Figure 2 MDEV of the T-A-T-B with the ionosphere-fixed UDUC POD and time transfer
model with DD ambiguity

While the results of time transfer between T-A and T-B demonstrate the performance of time
synchronization between two LEO satellites, it is essential to recognize that this performance
does not represent the upper limit of LEO-based GNSS time transfer in space. The complex
space environment requires careful consideration, as conclusions drawn from terrestrial GNSS
time transfer cannot be directly extrapolated. Therefore, it is crucial to thoroughly explore the
potential performance of space-time reference maintenance using LEO-based GNSS data,
especially for future applications in LEO-based Positioning, Navigation, and Timing (PNT)

systems.

To investigate the potential of LEO-based GNSS for space-time reference maintenance, a set
of GNSS receivers linked to the same atomic clock on the same LEO satellite, which is immune
to the performance of the atomic clock is favoured. Fortunately, T-A carries two GNSS

receivers (referred to as T-A1 and T-A2) linked to the same rubidium clock with uncertain of

1x107*, as does T-B (designated as T-B1 and T-B2). The T-A and T-B satellites provide an

ideal experimental setup for this purpose. Leveraging the short baselines formed by T-A1/T-
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A2 and T-B1/T-B2, the same model and data processing strategy employed in the T-A and T-

B experiments are applied.

Figure 3 illustrates the time difference obtained for the short time link T-A1/T-A2 using the
proposed model. This time link reflects the potential performance of GNSS time transfer in
space-time reference maintenance, as it is linked to the same rubidium clock. The standard
deviation of the time difference using the proposed model is 10.67 ps, indicating that GNSS
time transfer in space can achieve performance similar to that on the ground when IAR is
achieved, and time-varying receiver code bias is accounted for. Furthermore, Figure 4 depicts

the MDEYV of the time difference for T-A1/T-A2. With the achievement of IAR, the frequency

stability of the proposed model reaches 5.2x107" at an averaging time of one day.
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Figure 3 Time difference between the LEO receivers T-Al and T-A2 with the same clock on
DOYs 248-251, 2021
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Figures 5 and 6 present analogous results to Figures 3 and 4 but focus on the time link T-B1/T-

B2. The result of this time link is better compared with the T-A1/T-A2. The results for this

time link are superior compared to T-A1/T-A2. This finding aligns with the results of POD in

Chapter 6, as T-B did not experience frequent manoeuvres during this period. When a LEO

satellite executes a maneuver, it alters its velocity, thereby potentially inducing a shift in the

frequency of the satellite's clock. Consequently, this shift can introduce errors in the time

transfer process. The magnitude of these errors is contingent upon various factors, including

the nature and duration of the maneuver, as well as the accuracy of the satellite's clock. The

standard deviation of the time difference for T-B1/T-B2 is 5.79 ps, confirming that LEO-based

GNSS time transfer can achieve picosecond-level accuracy. With the proposed model, the

frequency stability of T-B1/T-B2 reaches 3.5x10™'"" at an averaging time of one day.
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Figure 5 Time difference between the LEO receivers T-B1 and T-B2 with the same clock on
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The experiments yield two significant conclusions. Firstly, GNSS enables picosecond-level

space-time transfer. Additionally, LEO-based GNSS exhibits the potential for achieving

frequency transfer within the sub-107"° range for averaging times within one day.
7.4 Chapter Summary

High-precision time synchronization of LEO satellites is crucial for their space science
applications. However, space time transfer applications differ from terrestrial time transfer
applications, as they are closely intertwined with POD. In Chapter 6, the challenge of POD has
been addressed. However, the space environment imposes limitations on the accuracy and
reliability of space time transfer applications compared to their terrestrial counterparts. Based
on the previous chapters, this chapter proposes models suitable for LEO POD and time transfer

considering IAR and time-varying variations of receiver code bias.

The performance of GNSS time transfer in space is assessed using real data from GNSS
receivers on LEO satellites. The experiments affirm that the performance of LEO-based GNSS
time transfer is constrained by the capabilities of the clocks carried by LEO satellites.
Consequently, the potential of LEO-based GNSS time transfer is explored based on common-

clock GNSS receivers on LEO satellites. The experimental results indicate that GNSS onboard
LEO satellites could potentially achieve 10™'"" range frequency transfer once ultra-precise clocks

with uncertainty of 1x107"® and beyond become available.

This chapter verifies that LEO-based GNSS can achieve superior frequency stability in space,

surpassing 107" . This achievement is anticipated to be a vital technical support for future
space-time reference maintenance. It again underscores the significant advantages of the
UDUC approach, IAR, and the consideration of receiver code bias variations for time transfer.
However, as mentioned in the introduction, numerous technical challenges still require
resolution in practice. These challenges necessitate further investigation into the maintenance

of space-time reference in the future.
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8 Conclusions and Recommendations

8.1 Summary of the Thesis Outcomes

Time transfer (synchronization) is a critical aspect of scientific research and industrial
applications. GNSS has emerged as a competitive method for time transfer due to its high
accuracy and cost-effectiveness. However, the advent of high-precision optical clocks (Fortier
and Baumann, 2019) with time accuracy reaching the picosecond level along with frequency
stability surpassing 1x10™"* has raised the bar for the accuracy and reliability of time transfer
techniques, necessitating improvements in GNSS models and algorithms to maintain GNSS's

leading position in time transfer.

The thesis investigates the limitations of current GNSS time transfer techniques and proposes
viable solutions. Firstly, classical GNSS time transfer relies on the IF combination and dual-
frequency observations, which lack flexibility in multi-frequency scenarios. Secondly,
traditional GNSS time transfer methods do not achieve IAR, which diminishes the significance
of phase observations. Although IPPP with IAR has been introduced, it is still constrained by
the drawbacks of the IF combination. Thirdly, external precise satellite clock products are
usually required for time transfer, which introduces dependencies on these products. However,
the impact of satellite clock products on time transfer and methods to mitigate this impact have
not been explored. Lastly, the estimable receiver clock assumes the receiver code bias to be
time-invariant, yet significant time variations in the receiver code bias may exist and requires

proper modelling and treatment.

To address these limitations, the thesis proposes using the UDUC approach, which offers a
promising method for multi-frequency multi-constellation GNSS time transfer. By leveraging
the UDUC approach, IAR is achieved by constructing of integer estimable phase DD
ambiguities, aided by common-view satellites. The thesis presents UDUC GNSS time transfer
models with IAR for short, medium, and long baselines, accounting for ionospheric delays
under different baseline conditions. The proposed models demonstrate improved frequency
stability compared to traditional UDUC PPP, ranging from 25% to 60% and 9% to 30% for
short and medium baselines, respectively. Furthermore, the proposed model shows 10% to 25%
greater stability than UDUC PPP for averaging times exceeding one day in long-baseline

scenarios.

The thesis also addresses the limitations related to the accuracy of precise satellite clock

products. While these products' accuracy surpasses that of existing microwave atomic clocks,
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they must be considered when using high-precision optical clocks. To mitigate their impact,
the thesis proposes a UDUC model with IAR and satellite clocks estimated, eliminating the
influence of the external precise satellite clock products. The proposed model exhibits a 10%
to 40% improvement over the model with satellite clocks estimated. Moreover, the thesis

demonstrates the potential for GPS, Galileo, and BDS-3 to achieve frequency transfer in the

low-mid10~" range for averaging times within one day.

The IF receiver code bias is always included in the estimable receiver clock and should be
calibrated beforehand. Thus, the implementation of GNSS time transfer relies on the time-
invariant assumption of the IF receiver code bias. However, in practice, this is not the case.
The time variations of different types of between-receiver biases are confirmed based on short
baselines in this thesis. This drives the consideration of time-varying receiver code biases in
the time transfer. To compensate for the influence of receiver code biases on GNSS time
transfer, the TVRCB model has been proposed in this thesis, in which the variations of receiver
code bias relative to the first epoch can be estimated by selecting an additional S-basis.
Experiments based on the TVRCB model show that the receiver bias of a single receiver may
have noticeable time-varying variations and the time variations are related to frequency. The
influence of time-varying receiver code biases on GNSS time transfer can be effectively
accounted for using the TVRCB model, and long-term frequency stability can be improved by
20%-50%.

Onboard time synchronization is an essential requirement for LEO missions and their
applications. For GNSS-based time synchronization, the POD of the satellites needs to be
performed, and ultimately, the quality of the POD determines the timing accuracy achievable
from GNSS measurements. The current mainstream POD method is based on IF PPP, so it is
limited by the disadvantages of the IF combination. In addition, absolute and relative POD are
usually performed separately in a LEO constellation, which significantly reduces data
processing efficiency. Considering the above drawbacks, the UDUC GNSS POD model with
DD ambiguity has been proposed in this thesis, which can be compatible with absolute and
relative POD requirements. The proposed model presented a consistency of 2.8-3.8 cm in 3D
in absolute POD mode and showed a consistency with the reference orbits of 1.1-1.5 mm in

the relative POD model, which can provide a high-precision orbit for time synchronization.

Unlike terrestrial timing applications that benefit from the static position of the receiving GNSS
antenna, spaceborne time synchronization is closely related to real-time kinematic POD. Due

to the complexity of the space environment, spaceborne timing applications face more complex
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challenges than ground timing applications. Although the problem of POD is appropriately
solved by the method proposed in this thesis, the complexity of the space environment also
determines that the conclusion from terrestrial timing is difficult to apply directly for
spaceborne timing. The performance of spaceborne GNSS time transfer is explored in this
thesis using the UDUC method, and considering IAR, satellite clock synchronization

estimation, and time-varying receiver code biases. The experimental results show that GNSS

onboard LEO satellites could potentially achieve sub-10""° range frequency transfer, providing

a preliminary verification for establishing LEO-based space-time reference in the future.
8.2 Recommendations and Future Work

The thesis highlights the potential of GNSS in achieving picosecond time transfer and sub-
107" frequency transfer. However, there are still challenges that need to be addressed to

achieve global time synchronization and maintain time references.

For terrestrial timing applications, it is essential to incorporate high-precision atmospheric
delay corrections to enable fast IAR. One possible solution is to generate these corrections
either network-wide or partition-wise. Furthermore, expanding the non-common-view model
is crucial for terrestrial timing applications, particularly under long-baseline conditions where
the number of common-view satellites is limited. To achieve the generation of GNSS satellite
clock products with picosecond-scale accuracy, it is highly recommended to employ a GNSS
receiver network equipped with optical clocks. Moreover, it is advisable to extend the UDUC
model to encompass multi-frequency multi-constellation scenarios, with a specific emphasis

on investigating inter-system biases (ISB) for the fusion of multiple constellations.

In spaceborne timing applications, it is necessary to address the challenges faced in terrestrial
timing as a prerequisite, but further research is still needed. Firstly, understanding the factors
that drive variations in receiver code biases and analysing them in different LEO missions
would provide valuable insights. Secondly, investigating the synchronization estimation of
precise orbits and timing, as well as studying their interplay, is recommended. Thirdly,
exploring the potential of using multiple antennas on LEO satellites for real-time attitude
determination, orbit determination, and time synchronization is worth investigating. Lastly, it
is crucial to explore the GNSS time transfer performance of LEO constellations and assess the
feasibility of using GNSS for maintaining space-time references in future LEO PNT

applications.
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When the orbit and time synchronization of LEO constellations are accurately determined,
applying these findings to PNT applications becomes a significant concern. Research on
effectively combining LEO satellites with GNSS to serve high-precision PNT will be a crucial
area of focus in future space science. Designing signal systems, models, and algorithms aligned

with LEO satellites will be critical areas of investigation in subsequent research.
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