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The Carrier-Phase (CP) technique used in the Global Positioning System (GPS) has proved to
be a useful spatial tool for remote precise time transfer. Galileo is a Global Navigation Satellite
System like GPS. However, currently, given the low number of satellites at any one observation
epoch, Galileo’s accuracy and continuity of time transfer leave much to be desired. To achieve
better performance of time transfer for Galileo, this study has developed a new approach for
Galileo CP time transfer, using prior constraint information such as precise coordinates and
troposphere zenith delay constraints. The new approach was applied for precise time transfer
in real-time mode and post-processed mode for short baseline and long baseline observations.
For the short baseline time link in real-time mode, compared with the standard Galileo CP, the
standard deviation improved by 51-4% for the troposphere zenith delay constraint, 47-6% for
the station coordinates constraint, and 49-5% when considering both constraints simultaneously.
At a 10,000 s time interval, in comparison to the standard CP, the three constraint approaches
show stable results as well as improvements of nearly an order of magnitude. In post-processed
mode, the constraint approach for Galileo time transfer showed little improvement compared to
the standard CP technique for both the short baseline and long baseline time links.
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1. INTRODUCTION. Galileo, Europe’s Global Navigation Satellite System (GNSS),
was created with the aims of providing positioning, navigation and time services. It was
initiated by the European Space Agency (ESA) and the European Commission in the early
1990s, and thereafter, has been a topic of considerable interest within research groups
(Furthner et al., 2003; Lindstrém and Gasparini, 2003; Rodriguez et al., 2004). The system
has been well-maintained in recent years. As of December 2016, the Galileo constellation
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comprised 18 satellites: four In-Orbit Validation (IOV) satellites, ten Full Operational
Capability (FOC) satellites, and four satellites under in-orbit testing (Steigenberger and
Montenbruk, 2016). Thus, the preliminary objectives of its establishment have been met.
The Galileo system offers one dedicated signal, the broadband signal E5, which is superior
to all other available GNSS signals (Simsky et al., 2008; Diessongo et al., 2014). However,
it is unclear as to how Galileo’s time transfer performance may be improved. Additionally,
previous studies on Galileo have mainly focussed on positioning and navigation (Angrisano
et al., 2013; Diessongo et al., 2014; Paziewski and Wielgosz, 2014).

With respect to precise time transfer, Galileo is comparable to other GNSS, such as the
BeiDou navigation system (BeiDou), the Global Positioning System (GPS), and Russia’s
version of GPS (GLONASS). The Common View (CV) with code measurement is operated
frequently in Galileo time transfer, because it can disregard the common errors between the
two ground GNSS stations. Previously, simulations of Galileo CV demonstrated a slight
performance improvement compared to GPS (Furthner et al., 2003), but the conditions
governing the use of CV are greatly limited by the geodetic distance between the two time
transfer stations. Compared to the CV technique, the GNSS Carrier-Phase (CP) time trans-
fer technique is able to provide superior results (Schildknecht et al., 1990; Defraigne et al.,
2007; Jiang and Lewandowski, 2012). However, few studies have focused on time transfer
based on Galileo CP for one major reason, namely, the lack of available precise Galileo
satellite orbit and clock products for CP development since the 1990s. Fortunately, this sit-
uation has improved considerably in recent years. In 2012, the International GNSS Service
(IGS) began operating the Multi GNSS Experiment (MGEX), which supports newly devel-
oped GNSS such as Galileo, BeiDou and the Quasi-Zenith Satellite System (QZSS) (Deng
et al., 2014; Uhlemann et al., 2015; Gioia et al., 2015). Several analysis centres, including
the European Space Agency (ESA), Deutsches GeoForschungsZentrum Potsdam (GFZ),
Centre National d’Etudes Spatiales (CNES), and Center for Orbit Determination in Europe
(CODE) provide regular updates of Galileo precise products (Li et al., 2015). Therefore,
the difficulty posed by the lack of precise orbit and clock products has been overcome, and
the prerequisite of time transfer based on the Galileo CP technique can be fulfilled. On the
other hand, although the current Galileo constellation consists of 18 available satellites,
some, such as satellite E20, still lack measurements in the broadband signal E5. Hence, the
number of available Galileo satellites is usually less than four at any observation epoch in
many places, which seriously affects the provision of a continuous time transfer service. As
shown in Figure 1, the number of available Galileo satellites at every observation epoch
during time transfer experiments typically ranges from two to four. Figure 2 presents a typ-
ical example of the epoch percentage (65%) of available Galileo satellites (less than four).
Thus, the time transfer application based on the Galileo CP technique is hampered by the
shortage of available satellites.

In order to improve the performance of the time and frequency transfer, a new algorithm
based on prior information constraints is proposed. A Precise Time Transfer Solution
(PTTSol) software package was developed using the algorithm. We have collected a priori
information from the station coordinate and troposphere zenith delay, and specific con-
straint methods have been established. Several experiments were carried out to validate the
algorithm in real-time mode and post-processed mode for short baseline and long baseline
observations.

The remainder of this manuscript is organised as follows. Section 2 describes the prin-
ciple of Galileo CP time transfer. Section 3 discusses prior information collection from
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Figure 1. The 24 hour ground tracks of the Galileo satellite navigation system on 14 August 2016.
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Figure 2. The epoch percentage of available Galileo satellites counted at station NTS1 in China (latitude
34-4°N and longitude 109-22°E) during 14-20 August 2016.

different aspects in Galileo CP data processing. The details of prior constraint information
on the Galileo CP approach, including the mathematical terms and processing strategies,
are illustrated in Section 4. Section 5 presents the experimental design used to assess the
constraint approaches for Galileo time transfer, and the corresponding results appear in
Sections 6, 7 and 8. Section 9 provides discussion and conclusions.

2. THE PRINCIPLE OF GALILEO CP TIME TRANSFER.

2.1. Galileo system time. With regard to time and frequency transfer based on
Galileo, receivers at different time laboratories are connected to their time and frequency
reference points, using one Pulse Per Second (PPS) and 5/10 MHz frequency signals. At
each station, the receiver clock is determined by the CP technique, which is the clock dif-
ference between the local time scale and Galileo System Time (GST). Therefore, the GST
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is a bridge between those stations. The GST is a continuous time scale generated by the
Galileo Precise Timing Facility (PTF), and the PTF subsystem is equipped with two active
hydrogen atomic clocks and four high-performance caesium atomic clocks. The hydrogen
atomic clock is characterised by better short-term frequency stability, thus guaranteeing
the short-term frequency stability of the GST, as well as frequency stability at the seconds
scale for magnitudes of 10~'2~10~13. The long-term frequency stability of GST is mainly
determined by calculating synthetic atomic time (Hlavac et al., 2006; Hahn et al., 2007).
2.2. The Galileo CP observation model. In general, the ionosphere-free combination
can be used for dual-frequency carrier phase and pseudo-range observations in the Galileo
CP technique for precise time transfer. They can be expressed as follows:
P=p+c(dt, —dty)+T+ep )
O =p+ce(d, —dt,)+T+AN +eg

where indices s and r refer to the satellite and receiver, respectively; P and ® denote
pseudo-range and CP observations for the ionosphere-free combination, respectively; A is
the wavelength; N is the carrier phase ambiguity; o denotes the geometric distance between
the phase centre of the satellite and the receiver antenna; ¢ is the velocity of light in vac-
uum; dt, refers to the satellite clock; and df. denotes the receiver clock offset, which is the
difference between the actual receiver’s time system and the GST scale. Considering the
existence of hardware delays in the receiver, antenna and cables which convey the internal
electrical signal, the receiver clock offset usually contains these hardware delays. Since the
delays are stable for a period of time, they can be calibrated with the techniques of relative
calibration and link calibration in the area of the time and frequency transfer (Rovera et al.,
2014; Jiang et al., 2016). T denotes the tropospheric delays, which are independent of the
Galileo signal frequency, while ep and €4, are the multipath effect and measurement noise
for pseudo-range and carrier phase observations, respectively.

Tropospheric delay 7'is usually expressed as the sum of dry and wet components, which
can be expressed by their zenith delays and corresponding mapping function. The dry
component is usually well corrected by its empirical model, while in the case of the wet
component, the zenith delay 7. is set as a parameter to be estimated.

T= mfd,y . Tdyy + mfwet : Twet (2)

where Ty, and Ty denote the dry and wet components of tropospheric zenith delay,
respectively, while mfy,., and mf,, denote their corresponding mapping functions.

Therefore, the observation equation can be transformed, linearized and given the com-
pact format in Equation (3), and then the parameters to be estimated are summarised in
Equation (4):

V=AX — L 3)

X: [-xayaz9dtra TwetaN] (4)

where A4 is the coefficient matrix of the parameters to be estimated; L denotes “observed
minus computed” pseudo-range and carrier phase observations with the ionosphere-free
combination; V is the residual vector; X is the parameter vector to be estimated from

observations and contains coordinates (x, y, z), receiver clock difference (dt,), tropospheric
zenith delay (Tyet) and carrier phase ambiguity (V).
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3. CURRENT CONSTRAINT INFORMATION FOR TIME TRANSFER.

3.1. Station coordinates. For GNSS time transfer, the station remains stationary over
a specific time period. Hence, the coordinates of the station can be determined in advance,
before the process of time transfer. The positioning accuracy of the station is generally
in the centimetre to millimetre range, which does not significantly affect the precise time
transfer performance. Therefore, this study introduces precise coordinates for constraint
Galileo time transfer, which also allows for a certain amount of errors. The formula can be
expressed as follows:

L.=H.X.+e, Q)

where H., is the coefficient matrix of the coordinate, X, is the coordinate vector to be esti-
mated (it contains a three-dimensional component), e, is the corresponding errors vector,
and L. is the value of the prior coordinates constraint.

3.2. Troposphere zenith delay. The GNSS signals collected by the GNSS receivers
are always affected by the troposphere, by the so-called troposphere delay. This delay is a
key issue that affects the validity of time transfer between remote stations, particularly in
the CP technique.

From the perspective of atmospheric science, troposphere delay is closely related to
environmental temperature, pressure, relative humidity and geodetic height around the sta-
tion. Fortunately, it is irrelevant to the frequency of remote signals and different GNSS.
In this respect, troposphere delay can be set as prior constraint information, which can
be determined by other techniques, such as International GNSS Service (IGS) products
for troposphere zenith delay. Therefore, the prior constraint mathematical term can be
expressed as

L, = HX, +e, (6)

where H, is coefficient matrix of the troposphere zenith delay, X; is the troposphere param-
eter to be estimated, e; is corresponding errors vector and L, is the value of the prior
troposphere zenith delay constraint.

4. THE MATHEMATICAL MODEL OF THE CONSTRAINT ALGORITHM. The
constraint conditions formed by prior information, such as station coordinates and/or tro-
posphere zenith delay, can be used with the original Galileo measurements to estimate the
continuous receiver clock. These constraint conditions are equivalent to fixing the value of
a station’s coordinates and/or troposphere zenith delay to the prior value within a certain
range, hence increasing the number of effective observations. When the two a priori pieces
of information are applied, the comprehensive mathematical term can be expressed as:

)= e ]

where L; denotes the observation quantity; Hj, is the coefficient matrix of the observation
equation; i denotes the type of constraint, such as station coordinates and/or troposphere
zenith delay; L; is the prior value of the constraint information; H; is the coefficient matrix
of prior constraints and e; and e; are the corresponding noise errors.

During the data process, the cycle slip of the carrier phase is detected by the geometry-
free and Melbourne-Wiibbena (Hatch, 1982) model. In the case of coordinates constraint,
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Table 1. Observation models and Galileo RINEX data processing strategies.

Item Models and Strategies
Observations Undifferenced carrier phase and code observation
Signal selection E1/ESa

Satellite orbit and clock Using products from GFZ

Satellite antenna phase centre Corrected using the MGEX value
Ionosphere Eliminated by ionosphere-free combination
Tropospheric delay Initial model and random walk process
Elevation cut off 8°

Observation weight Elevation dependent weight

Estimator LSQ in sequential mode

Receiver clock offset Estimated, with white noise

Ocean tide loading Model Corrected

Solid earth tide Model Corrected

Pole tide Model Corrected

Phase-wind up effect Model Corrected

the initial tropospheric dry delay is corrected by the Saastamoinen (1972) model, and the
wet component is estimated by a random walk process. In the case of the tropospheric delay
constraint, the constraint information is formed by IGS tropospheric products. The details
of observation models and data processing strategies are listed in Table 1 (Petit and Luzum,
2010). Here, the interesting parameter of receiver clock offset is estimated by combining
pseudo-range and carrier phase observation with a white noise stochastic process (Li et al.,
2015). In brief, the receiver clock offsets at adjacent epochs are uncorrelated, which is
utilised based on the characteristic of atomic clock free running.

5. EXPERIMENT DESIGN. In order to assess the performance of precise time transfer
by the CP approach with prior constraint information, it is preferable to devise an exper-
iment focused on the time link length. Stations USNS and USN9 (located at the United
States Naval Observatory (USNO)) are equipped with the common UTC (USNO), while
Station NTS1 (located at the National Time Service Center (NTSC)) is linked to the UTC
(NTSC). The details of these three stations are listed in Table 2. In this case, two time links
can be established. The first time link, USN9-USNS, is equipped with the common UTC
(USNO) and antenna at the short baseline. In this situation, the clock difference only con-
tains some hardware delays that are stable in the short term and this can also provide an
external reference to verify the time transfer performance. The second is the NTS1-USN8
link spanning over 10,232 km, which presents a long baseline time link.

Considering that poor accuracy of the prior constraint’s information will distort the per-
formance of the CP constraint approach, the corresponding accuracy must be guaranteed.
Therefore, the prior coordinate’s information is used from the post Precise Point Position-
ing (PPP) solution, because it is superior to the real-time solution when the convergence arc
is removed by a backward and forward Least Squares (LSQ) estimator in sequential modes.
Then, the three stations’ coordinates were provided by GPS three-day PPP solutions, and
the accuracy was found to be better than 1 cm in the horizontal component and 2 cm in the
vertical component. In the following sections, “Coord” denotes the approach of combining
only the coordinate information and observations. With respect to the troposphere zenith
delay, it is also determined by GPS post PPP solutions. The accuracy of the troposphere
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Table 2. Detailed information of the three stations used for the experiments in this study.

Site Name Receiver Type Antenna Frequency Standard

USNS SEPT POLARX4TR TPSCR.G5 EXTERNAL H-MASER UTC(USNO)
USN9 NOV OEM6 TPSCR.G5 EXTERNAL H-MASER UTC(USNO)
NTS1 SEPT POLARX4TR SEPCHOKE_MC EXTERNAL H-MASER UTC(NTSC)

is superior to 2 cm for the three stations. In approach “Trop”, only the troposphere zenith
delay constraint is used. “C+T” refers to constraining the prior information of both the
station coordinates and troposphere zenith delay. “Raw” denotes the Galileo classical CP
transfer approach, in this, prior constraint information is not used.

Two different data processing modes (real-time and post-processed) are explored in this
study of precise time transfer improvements. Note that the prior constraint information is
determined in post mode, which is only used for the sake of ensuring its accuracy. When the
two processing modes are referred to the CP constraint approach, we assume that the differ-
ent performance between the two modes can only come from the CP constraint approach.
Regarding the analysis of time transfer in real-time mode, the convergence criterion is
defined as a positioning error of less than 0-1 m. In the post-processed mode, the parame-
ters are estimated by backward and forward LSQ in sequence, in which the convergence
arc can be removed.

6. RESULTS FOR THE SHORT BASELINE TIME LINK. The time link is usually
equipped with two different external time and frequency references at the two ends of the
time link. However, since the two references have different characteristics, it is difficult to
assess the performance of the approach that is employed to determine the clock difference.
Meanwhile, the clock difference contains not only the values of time transfer but also the
hardware delays from Galileo receivers, antennae and cables. In order to assess the accu-
racy of the time transfer approach, a short baseline time transfer scheme is employed, in
which a common external time and frequency reference is used. Therefore, the time trans-
fer value only contains hardware delays of the Galileo receivers and antennae, and this
component is used to assess if the proposed approach is theoretically relatively stable in
the short term. The Receiver Independent Exchange Format (RINEX) data of USNS and
USN9 were obtained on 14 August 2016 from the MGEX network. Considering the close
distance between USNS and USNO, Figure 3 presents the available number of satellites that
were tracked by NTS1 and USNS on that day.

6.1. Real-time mode. Figure 4 shows the real-time clock difference between USNS
and USNO for the four approaches based on Galileo carrier phase observations. The statis-
tical information on real-time clock difference is listed in Table 3, and the Allan deviation
is given in Figure 5 and Table 4. It can be seen that the approaches with prior constraint
information have obviously ameliorated the issues with time transfer. For the standard CP,
the convergence time is much longer than the approaches with prior constraint information.
Compared with the standard Galileo CP for precise time transfer, the Standard Deviation
(STD) improved by 51-4% for the troposphere zenith delay constraint, 47-6% for the station
coordinates constraint, and 49-5% when considering both constraints simultaneously.

6.2. Post-processed mode. Figure 6 illustrates the post-processed mode clock differ-
ence between USN8 and USNY for the four approaches. The statistical information of the
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Figure 3. The available number of satellites that were tracked by NTS1 and USNS.
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Figure 4. The real-time clock difference between USN8 and USN9 for the four approaches in real-time mode.

Table 3. The statistical results of the short baseline time link in real-time mode (unit: ns).
Standard
Approach Deviation Minimum Median Maximum
Raw 0-105 —130-019 —129-784 —129-562
Trop 0-051 —129-740 —129-628 —129-239
Coord 0-055 —129-643 —129-516 —129-276
T+C 0-053 —129-650 —129-530 —129-291
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Figure 5. Comparison of the Allan deviations for the four approaches in real-time mode for USN8-USNO.

Table 4. Value of the Allan deviations for the four methods in real-time mode for USN8-USNO.

Tau(s) Raw Trop Coord T+C
30 7-23E-13 7-23E-13 7-22E-13 7-24E-13
60 3.56E-13 3.55E-13 3-56E-13 3.55E-13
120 2-07E-13 2-07E-13 2-06E-13 2-07E-13
240 1-09E-13 1-07E-13 1.07E-13 1-07E-13
480 6-36E-14 5-79E-14 5-76E-14 5-73E-14
960 4.73E-14 3.76E-14 3.79E-14 3.72E-14
1,920 1-73E-14 1-87E-14 1.74E-14 1.72E-14
3,840 1-48E-14 1-40E-14 1-17E-14 1-21E-14
7,680 1-42E-14 1-14E-14 1-26E-14 1.23E-14
15,360 9-98E-15 1-09E-14 8-71E-15 9-05E-15
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Figure 6. The clock difference between USN8 and USN9 for the four approaches in the post-processed mode.
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Table 5. The statistical results of the short baseline time link in post-processed mode (unit: ns).

Standard
Approach Deviation Minimum Median Maximum
Raw 0-023 —129-697 —129-629 —129-501
Trop 0-025 —129-710 —129-645 —129-498
Coord 0-056 —129-688 —129-566 —129-368
T+C 0-057 —129-697 —129-574 —129-386
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Figure 7. The distortion percentages of the three coordinate components.

post-processed mode clock difference is listed in Table 5, and the Allan deviation is given
in Figure 8 and Table 6. An accuracy of 0-023 ns can be achieved for the standard Galileo
CP time transfer in the short baseline time link, which is comparable to GPS. As the back-
ward and forward LSQ in a sequential estimator is employed in post-processed Galileo time
transfer, the unknown parameters can be estimated accurately. Therefore, the superiority of
prior information approaches is not significant, and in some cases, even the prior informa-
tion may introduce certain errors in accuracy levelling. The results of the “Trop” approach
are in agreement with that of the “Raw” approach. A comparison of “Coord,” “T+C,” and
“Raw” shows that the station coordinates constraint could cause a certain slope in clock dif-
ference, a finding that is in accordance with previous studies on GPS CP time transfer (Yao
and Levine, 2012). In order to investigate the sensitivity of how the stations’ coordinate
components affect the performance, a short analysis was employed. When an additional
1 m error was added to the station coordinate components (x, v, z), the corresponding aver-
age values of the clock differences were temporarily determined and could be compared
with the coordinate constraint solution without the extra 1 m error. The relative average
distortion percentages of these coordinate components are shown in Figure 7. It can be
seen that the y-component has the most distorted clock difference slope. Therefore, we can
conclude that the accuracy of y-components is more important in time transfer when the
station coordinate constraints are used.
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Comparison of the Allan deviations for the four approaches in post-processed mode for

USNB8-USNO.

Table 6. Value of the Allan deviations for the four methods in post-processed mode for USN8-USN9.

Tau(s) Raw Trop Coord T+C

30 7-19E-13 7-20E-13 7-19E-13 7-20E-13
60 3.52E-13 3.52E-13 3.52E-13 3.51E-13
120 1-98E-13 1-99E-13 1-98E-13 1-99E-13
240 9-49E-14 9-47E-14 9-50E-14 9-49E-14
480 6-60E-14 6-59E-14 6-58E-14 6-60E-14
960 2-71E-14 2-73E-14 2-72E-14 2-73E-14
1,920 1-23E-14 1-21E-14 1.22E-14 1-21E-14
3,840 5-17E-15 5-51E-15 5-31E-15 5-68E-15
7,680 3.58E-15 3.74E-15 4.27E-15 4.68E-15
15,360 3.15E-15 2-86E-15 4.43E-15 5-14E-15

Table 7. Value of the Allan deviations for the four methods in real-time mode for USNS-NTSI.

Tau(s) Raw Trop Coord T+C

30 2-51E-12 2-51E-12 2-66E-12 2-68E-12
60 1-46E-12 1-46E-12 1-60E-12 1-63E-12
120 9-31E-13 9-31E-13 9-81E-13 9-98E-13
240 6-35E-13 6-35E-13 6-32E-13 6-61E-13
480 4-13E-13 4-13E-13 3.77E-13 3.95E-13
960 1.97E-13 1.97E-13 2-15E-13 2-41E-13
1,920 1-98E-13 1-98E-13 1-80E-13 1-93E-13
3,840 1-04E-13 1-04E-13 1-01E-13 1-14E-13
7,680 8.-85E-14 8-85E-14 1-06E-13 1-04E-13
15,360 1-05E-13 1.71E-14 2-08E-14 1-49E-14
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Table 8. Value of the Allan Deviations for the four approaches in post-processed mode for USN8-NTSI1.

Tau(s) Raw Trop Coord T+C
30 7-60E-13 7-66E-13 7-60E-13 7-66E-13
60 4-44E-13 4-48E-13 4-44E-13 4-48E-13
120 2.79E-13 2-81E-13 2-79E-13 2-81E-13
240 1.72E-13 1.72E-13 1-71E-13 1-73E-13
480 1-30E-13 1-28E-13 1-30E-13 1-29E-13
960 4.76E-14 5-41E-14 4-69E-14 5-39E-14
1,920 3-90E-14 4-56E-14 3.76E-14 4-54E-14
3,840 3.52E-14 4-02E-14 3.29E-14 4-15E-14
7,680 2.21E-14 2-15E-14 2-45E-14 2-56E-14
15,360 2-03E-14 1-54E-14 1-93E-14 1-58E-14
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Figure 9. The real-time clock difference for link USN8-NTS1 for the four approaches.

7. RESULTS FOR THE LONG BASELINE TIME LINK. Long baseline time link
requirements usually need to be met in applications of precise time transfer. Thus, it is
necessary to test the effectiveness of the proposed method for such cases. The RINEX data
of NTS1 and USNS were obtained on 14 August 2016. The time link for USN8-NTS1 is
about 10,232 kilometres apart. Similarly, the two data processing modes of Galileo CP are
also used for determining the clock difference for the time links. Given the clock difference
between the two stations (which are equipped with different external time frequencies), it is
crucial to ascertain the accuracy/suitability of the proposed approaches with regard to the
time frequency information. Thus, Allan deviation is employed to assess the performance
of time transfer for different average times.

7.1. Real-time mode. Figure 9 shows the real-time clock difference for link USNS-
NTSI1 for the four approaches. It is obvious that three approaches with prior constraint
information show less variation than the standard Galileo CP technique in real-time mode,
especially before the full convergence of the standard Galileo GP. Regarding the “Coord”
and “T+C” approaches, the station coordinates could also contribute to the slope in time
transfer. Since the clock difference series is not fully convergent from epoch 500 onward,
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Figure 10. Comparison of the Allan deviations for the four approaches in real-time mode for USN8-NTSI.
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Figure 11. The clock difference for link USN8-NTSI for the four approaches in post-processed mode.

the Allan deviation from epoch 500 backward is given in Figure 10 and Table 7, which is
at different time intervals for each CP approach for the USN8-NTS1 time link in real-time
mode. Note that the approaches with prior constraint information show findings similar to
the standard CP at time intervals of 30s, 60s, 120s, 240's, 480 s and 960 s. However, once
the time interval exceeds 1,000 s, the approaches become superior to the standard CP time
transfer. At the 10,000 s time interval, in comparison to the standard CP, the three constraint
approaches show stable results as well as improvements of nearly an order of magnitude.
7.2.  Post-processed mode. Figure 11 shows the clock difference for link USNS-
NTS1 for the four approaches in post-processed mode. It can be seen that the clock
differences determined by the four approaches agree well with one another. The station
coordinates constraint still leads to the slope from the ‘Coord’ and the ‘T+C’ approaches.
In addition, the ‘Coord’ and ‘T+C’ are highly correlated, and then correlation coefficient
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Figure 12. Comparison of the Allan Deviations for the four approaches in post-processed mode for
USNBS8-NTSI.
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Figure 13. The clock difference of five days’ time transfer for link USN8-USN9 by four different approaches.

reaches 0-99 for the USNS-NTSI1 link in post-processed mode. This correlation can be
attributed to the accuracy estimation of troposphere zenith delay in post-processed mode.
Figure 12 and Table 8 illustrate the Allan deviation values at different time interval for
each of the four CP approaches for time link USN8-NTS1 in post-processed mode. It can
be seen that the values obtained from any constraint approaches at every time interval have
slight improvements compared to the standard Galileo CP.

8. RESULTS FOR FIVE-DAYS’ TIME TRANSFER. In Sections 6 and 7, we have
indicated that the CP approaches with prior constraint information can improve the per-
formance of time transfer, particularly in real-time mode. In order to further verify the
performance, the new approach was validated by an additional five days’ data in real-time
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Table 9. The five days’ statistical results of the short baseline time link (unit: ns).

Standard
Approach Deviation Minimum Median Maximum
Raw 0-193 —130-221 —129.747 —125-098
Trop 0-189 —130-348 —129.721 —127-109
Coord 0-104 —130-109 —129-628 —128-902
T+C 0-117 —130-214 —129-614 —129-081
T T R 7]
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Figure 14. Comparison of the five days’ Allan deviations for link USN8-USNO by four different approaches.

Table 10. Value of the five days’ Allan deviations by four different approaches for USNS-USNO.

Tau(s) Raw Trop Coord T+C

30 8-47E-13 7-49E-13 8-53E-13 7-45E-13
60 4.82E-13 3-89E-13 4.85E-13 3-86E-13
120 3-06E-13 2-41E-13 3-04E-13 2-38E-13
240 1-93E-13 1-49E-13 1-88E-13 1-45E-13
480 1-33E-13 1-14E-13 1-24E-13 1-11E-13
960 8-85E-14 9-14E-14 7-94E-14 8-79E-14
1920 5-98E-14 7-19E-14 4-90E-14 6-81E-14
3840 3-62E-14 5-41E-14 3-19E-14 4-71E-14
7680 2-45E-14 2-71E-14 2-05E-14 1-62E-14
15360 1.33E-14 2-19E-14 6-24E-15 1-08E-14
30720 6-88E-15 1-12E-14 3-67E-15 6-85E-15
61440 3-17E-15 5-15E-15 3-10E-15 4.08E-15

mode, from 1822 August 2016. Both the short and long baseline links were tested.
Figure 13 shows the clock difference of the short baseline time link; the corresponding
statistical information after full convergence is given in Table 9, and the Allan devia-
tion is shown in Figure 14 and Table 10. With respect to the long baseline time link, the
corresponding clock difference is shown in Figure 15 and the Allan deviation is given in
Figure 16 and Table 11. It also can be seen that the CP approaches with prior constraint
information can improve the time transfer performance.
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Figure 16. Comparison of the five days’ Allan deviations for link USN8-NTSI by four different approaches.

Table 11. Value of the five days’ Allan deviations by four different approaches for USN§-NTS1.
Tau(s) Raw Trop Coord T+C
30 1-09E-12 8-60E-13 1-05E-12 7-86E-13
60 7-16E-13 5-69E-13 6-97E-13 5-09E-13
120 4.94E-13 3-90E-13 4.82E-13 3-68E-13
240 3.75E-13 2-84E-13 3-66E-13 2.77E-13
480 2-85E-13 2-20E-13 2-72E-13 2-23E-13
960 1-80E-13 1-35E-13 1-65E-13 1-35E-13
1920 1-47E-13 1-17E-13 1-25E-13 1-29E-13
3840 6-26E-14 9-61E-14 6-00E-14 9-39E-14
7680 3.52E-14 4.82E-14 3-20E-14 4.38E-14
15360 2-31E-14 2-70E-14 2-16E-14 2-30E-14
30720 1-56E-14 2-45E-14 1-12E-14 1-36E-14
61440 9-62E-15 8-47E-15 8-18E-15 7-68E-15
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9. DISCUSSION AND CONCLUSIONS. This study developed the approaches for
improving Galileo CP time transfer by applying station coordinates and tropospheric zenith
delay information, which are determined by the GPS post-processed solution. Then, the
approaches were applied to real-time and post-processed modes for short baseline and long
baseline time links. The validations lead to the following conclusions.

In terms of real-time and precise time transfer, the prior constraint information CP
approaches showed significant improvement compared to standard Galileo CP. For the
short baseline time link, the constraint approaches obviously exhibited less variation
than standard CP with regard to clock difference. In addition, the standard deviation
improved by 51-4% when considering the troposphere zenith delay constraint, and 47-6%
and 49-5%, respectively, when considering the station coordinates constraint and both
constraints. Regarding the long baseline time link, the constraint approaches showed
less variation, and the Allan deviations indicated significant improvements when the
time interval was longer than 10,000s. These results indicate that the time transfer
performance can be significantly improved by these constraint approaches in the real-
time mode; the same conclusion can also be reached from the five days’ time transfer
experiment.

For the post-processed and precise time transfer, the STD value of standard Galileo
CP time transfer is 0-023 ns for the short baseline time link when the sampling period is
30s, which is comparable to that of GPS. Because the convergence session of the stan-
dard CP approach was removed in the post-processed mode, and the unknown parameters
were estimated consistently, the superiority of the constraint CP approach was not obvi-
ous. For the short baseline time link, a standard deviation of 0-025 ns was achieved with
the troposphere zenith delay constraint, and the corresponding values were 0-056 ns for the
station coordinates constraint and 0-057 ns for both constraints. With respect to the long
baseline time link, the Allan deviations showed a similar trend and there was little differ-
ence among the approaches at different time intervals. Therefore, the constraint approaches
exhibited significant improvement in real-time mode Galileo CP time transfer compared to
the post-processed mode.

Different constraint information elements showed distinctive performance with regard
to time transfer. Although the method employed only one constraint condition for tropo-
sphere zenith delay and three constraint conditions for station coordinates, the real-time
result of the approach showed that the standard deviation was in agreement with that
of the station coordinates approach. Meanwhile, in the post-processed mode, the tropo-
sphere zenith delay constraint resulted in a 0-025 ns standard deviation for a short baseline
time link, which is superior to the corresponding station coordinates constraint approach
(0-056 ns). This finding can be attributed to the fact that the station coordinates constraint
casily leads to the slope in clock difference. Moreover, the results for the short baseline
time link showed that when the troposphere zenith delay parameter was constrained, the
extra station coordinates constraint approach could not significantly improve the results in
both the real-time and post-processed modes. Therefore, the troposphere zenith delay con-
straint was more capable of achieving precise CP time transfer than the station coordinates
constraints.

Given the rapid developments with the Galileo satellite navigation system, it is likely
that the pace of research on this topic will increase. As the accuracy and stability continue
to be improved, use of the Galileo time link will eventually be expanded to computing
Coordinated Universal Time (UTC).
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