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Abstract: Global Navigation Satellite System (GNSS) Precise point positioning (GNSS PPP) is widely applied
in high precision international time transfer. With the development of GNSS precision orbit and clock products,
GNSS time transfer technology has also attracted the attention of researchers. Traditional PPP has a long
convergence time. In this paper, the improved algorithm based on the RTS method is used to calculate the time
transfer results of different navigation systems to evaluate the improvement of this method on the time transfer
results of different systems. The results show that the time transfer link based on Global Positioning System (GPS)
and BeiDou Navigation Satellite System (BDS) can both achieve sub-nanosecond precision. The frequency
stability of the time transfer results can reach 2E-14 with the average time of 1E6 seconds. The improved method

can effectively reduce the influence of the convergence of the forward filter on the time transfer results.
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1. Introduction

With the development of GNSS, satellite
navigation technology has been widely used in many
fields of our life. In recent decades, many high-
precision time transfer technologies have aso been
achieved through satellites. GNSS PPP time
comparison technology is one of important technology
for BIPM to conduct international time transfer [1].
GNSS PPP time transfer technology has been widely
applied for low cost, high precision, and easy
maintenance [2]. Though the traditional static PPP has
high accuracy, it’s convergence timeis long [3, 4]. It
takes approximately 20 min required for 95 % of
solutions to reach a horizontal accuracy of 20 cm or
better for static PPP [5, 6]. PPP time transfer has the
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same result. For different satellite navigation systems,
the number of satellites, satellite elevation angles, and
signal quality observed by the user at the same time
are different. These factors can also cause PPP to have
different convergence times.

Traditional static PPP only uses forward filer. The
first series of positioning and time transfer data will
have poor accuracy. For post-processing calculation,
the fixed interval smoother can improve the accuracy.
The fixed interval smoother combines forward and
backward filter result by the noise matrix. This method
can reduce the influence of the one-way filter
convergence problem on the calculation of the initial
part of the data. But introducing the inverse filtering
result directly introduces additional noise, especially
inthe last part of theresult. In order to solve the above
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problems, based on previous work a post-processing
RTS method isinvestigated in this paper [7].

2. Method

The traditional static PPP model has multiple
model corrections, and it can be written as:
RS =pS+c-(dt, —dt, ) +T5 +17° +
+(d,;—dP)+g;+e%(RY)
L, =p°+c-(dt, —dt, )+T5 —1° +
+ATWS + NS ) +g +E5 (1)

@

where P° and L, are the code and carrier phase

observations, p° is the geometric distance, c is the
speed of light in vacuum, dt, and dt;; are the
receiver and satellite clock offset, TS is the
tropospheric delay, Ifj is the ionospheric delay,
(d,;,—d?) is the hardware latency, 4> is the
wavelength of carry phase, (W, +N?°) is the
ambiguity parameter, ¢; is the correction not listed,
S S S S . .
g (R’ and &7, (L7 ;) arethe observation noise.
GNSS PPP uses a Kalman filter for parameter
estimation. The estimation parametersinclude antenna
coordinates, receiver clock, tropospheric parameters

and ambiguity. The Kalman filter model is shown in
Equation 2:

K=Q*H*(H*Q*H+R)™
Xp=X+K*I 2
Qp=(1-K*H)*Q

where K istheKamangain, X and Xp arethestate
vector, Q and Qp arethe covariance matrix of states,

| isthe innovation (measurement - model), R isthe
covariance matrix of measurement error, H is the
transpose of the design matrix, | isanidentity matrix.

For forward filtering, the state parameters and the
covariance matrix of the current epoch are calculated
from the state parameters and the covariance matrix of
the previous epoch. For post processed calculations,
the fixed interval smoothed filter is used to combine
the result of forward and backward filtering. For a
calculation process with a total of N epoch, for epoch
k, the state parameters and covariance matrix of epoch
k can be calculated from epoch 1 to epoch k by
forward filtering, and from epoch n to epoch k by
backward filtering. The fixed interval smoothed filter
combines the forward and backward results in a
smoother, then get the final result. In this way, the
results of the unconverged part of the forward filter are
improved. However, this calculation introduces
additional noise at the end of the data. Thus, a new
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method based on Rauch-Tung-Striebel
algorithm is applied in this paper.

First, for atotal of N epoch, a series of data from
the epoch 1 is calculated by backward filtering. For
post processed calculation, sufficient data are used to
calculate the covariance matrix and state parameters
for epoch 1 with high precision. The station geodetic
coordinates, clock offsets, troposphere, ambiguity and
corresponding covariance and noise matrices are used
as initial information for forward filtering [8]. The
result of this forward filtering from epoch 1 to epoch
N is the final result. In this way, the influence of
convergence at the beginning and the end of the
calculation results can be reduced.

(RTS)

3. Calculation and Analysis

The PPP time comparison data UTC(TP)-
UTC(ORB) of ORB and TP stations from MJD 59580
t0 59587 are shown in follow section. The precise orbit
and clock files are from GeoForschungsZentrum
(GFZ). The caculation results of GPS and BDS are
shown in following part. The time comparison results
between the two stations published by the
International Bureau of Weights and Measures
(BIPM) are used as reference.

3.1. Time Transfer Results

Time transfer results using the above seven-day
data processing are presented. The three methods
mentioned above are all used for the calculation, and
the time transfer results between the two stations
through different two satellite navigation systems are
different.

As can be seen from the Fig. 1, benefit from the
high accuracy of the calculation results of the
traditional static PPP, the results calculated by the
above three methods are very close. Only the results
of the forward filtering have an obvioudly difference
from the reference value at the beginning of each day.

UTC(TP)-UTC(ORB) (GPS)

—BIPM GPS PPP

—The fixed interval smoother
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—The RTS method
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Fig. 1. The GPS PPP time transfer result of UTC(TP)-
UTC(ORB) calculated by the above three methods and the
results published by the BIPM. The observation data are
from TP and ORB laboratories during MJD59580 to
MJD59587.
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From Fig. 2, it can be seen that the calculation
results of Beidou are similar to GPS. The results
calculated by the RTS method and the fixed interval
smoother are very close to the reference values, and
the results calculated by the forward filtering are
dightly fluctuating.

In order to perform a detailed comparison of the
impact of various methods on the results of different
systems, the calculation results are shown as the
difference between the clock offset between the two
stations cal culated by the above three methods and the
reference.
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Fig. 2. The BDS PPP time transfer result of UTC(TP)-
UTC(ORB) calculated by the above three methods and the
results published by the BIPM. The observation data are
from TP and ORB laboratories during MJD59580 to
MJD59587.

3.2. Analysis of Time Transfer Results

The differences of the results of the different
methods are shown below. The difference between the
forward filtering method and the RTS method are
shown in Fig. 3 and Fig. 4.

EJTC(TP)—UTCIZ(ORB) (GF’SI)
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Fig. 3. Difference between time comparison results

calculated by RTS algorithm and Forward filter GPS PPP.

The observation data are from ORB and TP station, during
MJD 59580.

As can be seen from Fig. 3, the difference between
the GPS PPP results calculated by the two methods
and the reference valueis on the order of nanoseconds.
When compared with the RTS method, the result with

forward filter has an obvious convergence process. In
the first 6 hours of each day's data, the result of
forward filter has large fluctuations. The root mean
square (RMS) of the calculated results for the seven
days data are used to quantitatively compare the two
methods. The RMS of the results using the forward
filtering for seven consecutive daysis 319 ps, and the
RMS of the first 6 hours of each day is 427 ps. The
RMS of the results using the RTS method for seven
consecutive daysis 115 ps, and the RMS of thefirst 6
hours of each day is 88 ps, much better than the
forward filter.
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Fig. 4. Difference between time comparison results

calculated by RTS algorithm and Forward filter BDS PPP.

The observation data are from ORB and TP station, during
MJD 59582.

The BDS data shows the same characteristics to
GPSdata. Inthefirst 12 hours, thereis a difference of
several hundred picoseconds between the forward
filter and the RTS method. But in the last 12 hours the
two are very close. The RMS of the results using the
forward filtering for seven consecutive daysis 351 ps,
and the RMS of thefirst 6 hours of each day is471 ps.
The RMS of the results using the RTS method for
seven consecutive daysis 125 ps, and the RMS of the
first 6 hours of each day is 98 ps.

It can be seen that the RTS method improves the
calculation results of the forward filtering of BDS and
GPS, and it ismore significant in theinitial part of the
calculation, which reduces the offset between the
calculation results and the standard value. At the same
time, it issimilar to the result of forward filtering after
convergence, and the characteristics of forward
filtering are maintained. In contrast, GPS converges
faster than BDS. After theforward filter has converged,
and when using the RTS method, the time transfer
accuracy of the two is comparable.

The difference between the fixed interval smoother
method and the RTS method are shown in Fig. 5 and
Fig. 6.

Fig. 5 shows that the results calculated with these
two methods by GPS PPP are similar, the difference
from reference value is within 0.5 ns. The results
calculated by the two methods are obvioudly different
inthelast half series data. The calculation result of the
RTS method is closer to the result calculated by the
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forward filtering. The RMS of the results with the
fixed interval smoother for seven consecutive daysis
134 ps, and the RM S of the last 6 hours of each day is
151 ps. The RMS of the results using the RTS method
for of thelast 6 hours of each day is 138 ps. The result
with RTS method has higher accuracy in the last
6 hours of daily data.

It can be seen from Fig. 6 that the difference
between the time transfer results of the two stations
through BDS PPP and the reference vaue is
maintained within 0.5 nanoseconds. The calculation
result of the RTS method is closer to the result
calculated by the forward filtering. The RMS of the
results with the fixed interval smoother for seven
consecutive daysis 122 ps, and the RM S of the last 6
hours of each day is 130 ps. The RMS of the results
using the RTS method for of the last 6 hours of each
day is 127 ps. The result with RTS method has higher
accuracy in the last 6 hours of daily data.
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Fig. 5. Difference between time comparison results

caculated by RTS agorithm and Fixed interval smoother

GPS PPP. The observation data are from ORB and TP
station, during MJD 59580.
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Fig. 6. Difference between time comparison results

caculated by RTS agorithm and Fixed interval smoother

BDS PPP. The observation data are from ORB and TP
station, during MJD 59582.

The time transfer results calculated by the two
navigation systems using these two methods are
considerable precise, and the offset between the result
and the reference value is within 0.5 nanoseconds.
During the last 6 hours of data, the time-transfer
results cal culated using the RTS algorithm are slightly
closer to the reference values.
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3.3. Frequency Stability Analysis

The stability analysis is shown in following parts.
Overlapping Allen deviation is used to evaluate the
frequency stability of the alignment results[9].

Fig. 7 and Fig. 8 show the overlapping Allan
variance of UTC(TP)-UTC(ORB) caculated by the three
methods via GPS and BDS PPP and published by
BIPM. It can be seen, for both GPS and BDS, the
results of the RTS method and the fixed interval
smoother have little difference compared to the value
published by BIPM. However, the frequency stability
of the results of the forward filtering is an order of
magnitude lower than the others at an average time of
1000 seconds. As the average time increases to
100,000 seconds, the frequency stability of the results
of the forward filtering raised to the same level asthe
others. It can be seen that both methods improve the
short-term stability and reduce the impact of non-
convergence compared with forward filtering for
different navigation systems.

ey Overlaplping Allan Deviatiop (GPS)

>¢Forward filtering
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The fixed interval smoother|
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Fig. 7. Overlapping Allan deviation of UTC(TP)-

UTC(ORB) calculated by different methods from MJD
58590 to MJD 59587.
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Fig. 8. Overlapping Allan deviation of UTC(TP)-
UTC(ORB) calculated by different methods from MJD
58590 to MJD 59587.

Fig. 9 and Fig. 10 depicts the overlapping Allan
variance calculated from 0:00 to 12:00 on MJD 59580
using the three methods by GPS and BDS PPP. The
frequency stability of the results calculated with
forward filtering is obviously worse than the other two
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methods. It can be seen that in the previous part of the
calculated data, both methods effectively improve the
end effect with forward filtering.
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Fig. 9. Overlapping Allan deviation of UTC(TP)-
UTC(ORB) calculated by different methods from 0:00
to 12:00 on MJD 59580.
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Fig. 10. Overlapping Allan deviation of UTC(TP)-
UTC(ORB) calculated by different methods from 0:00
to 12:00 on MJD 59580.

The overlapping Allan deviation from 12:00 to
24:00 on MJD 59580 calculated by the three methods
differslittle from each other. Therefore, this part of the
resultsis presented in Table 1.

Table 1 depicts the overlapping Allan variance
calculated from 12:00 to 24:00 on MJD 59580 using the
three methods. In the last half part of the calculated
data, the results of the three methods have the same
order of magnitude of frequency stability. The result
calculated by the fixed interval smoother shows
slightly worse frequency stability when the average
time reach 10000 seconds. Thisis caused by the direct
introduction of backward filtering results.

4. Conclusion

The results show that the PPP time transfer results
based on GPS and BDS have high precision. TheRMS
of the offset between the reference values and PPP
time transfer results using forward filtering, the fixed
interval smoother and RTS methods are within 0.5 ns.
Long-term frequency stability of time transfer results
can reach 2E-14 with the average time of 1E6 seconds.

Table 1. Overlapping Allan deviation of UTC(TP)-
UTC(ORB) calculated by different methods from 12:00

to 24:00 on MJD 59580.
Overlapping Allan deviation

?i\r/ne;a(lg;e F_or war d TheRTS -I;Etee:'\)/(;d
filtering method smoother

GPS PPP
3.00E+02 | 4.01E-13 4.03E-13 4.04E-13
6.00E+02 | 2.97E-13 2.98E-13 2.99E-13
1.20E+03 | 2.03E-13 2.02E-13 2.00E-13
240E+03 | 1.48E-13 1.47E-13 1.46E-13
4.80E+03 | 1.03E-13 9.87E-14 9.76E-14
9.59E+03 | 3.07E-14 2.99E-14 3.26E-14

BDS PPP
3.00E+02 | 4.19E-13 4.17E-13 4.35E-13
6.00E+02 | 2.70E-13 2.70E-13 2.73E-13
1.20E+03 | 1.46E-13 1.47E-13 1.46E-13
2.40E+03 | 9.68E-14 9.82E-14 1.00E-13
4.80E+03 | 7.28E-14 7.35E-14 7.34E-14
9.59E+03 | 3.73E-14 3.17E-14 3.28E-14

For different navigation systems, the calculation
results of the convergence time are different. Both the
fixed interval smoother and the RTS methods can
considerably improve the influence of the forward
filter non-convergence on the accuracy of timetransfer
results. In the first few hours of the calculation, the
error is reduced by a factor of several, and the
frequency stability is improved by about an order of
magnitude. But in the last hours of the results, the
frequency stability of results calculated by the RTS
method and the forward filter method are both dlightly
better than the fixed interval smoother.

In conclusion, the improved RTS method can
effectively reduce the influence of the convergence of
theforward filter on the timetransfer resultsfor GNSS
PPP, and do not introduce large noise. This method
can achieve sub-nanosecond PPP time transfer.
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