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The common view time transfer and two-way time and frequency transfer methods are cur-
rently the main means for achieving time synchronisation at nanosecond level. However, these
methods have some limitations in real time and cost, which limit their wide applications in
many fields, such as time synchronisation among base stations of the upcoming 5G network.
In order to meet the requirements of nanosecond time synchronisation, a low-cost differential
timing method is proposed in this paper by changing the manner of generation of traceabil-
ity model parameters in GNSS navigation messages. The time deviation between GNSS system
time and the timing laboratory that maintains Coordinated Universal Time (UTC) kept by timing
laboratory named k (UTC(k)) is monitored by receiving the GNSS signal in space with moni-
toring receivers. The new traceability model parameters are generated with the monitored time
deviations and then broadcast to users through the GNSS navigation message. The precision of
the one-way timing method can be improved from tens of nanoseconds to the order of several
nanoseconds with the proposed method. In addition, there are obvious advantages to carry out
this method on the geostationary satellites in the BeiDou navigation satellite (BDS) constella-
tion. The proposed method is verified on an experimental platform based on the UTC(NTSC)
time frequency signal and the geostationary satellites in the BDS-3 constellation.

K E Y W O R D S

1. One-way Timing. 2. Timing Laboratory. 3. Traceability Model.
4. Differential. 5. BDS.

Submitted: 10 July 2019. Accepted: 29 April 2020. First published online: 22 June 2020.

1. INTRODUCTION. Time is widely used in various fields, including military and civil
applications. More and more fields raise precise requirements for time synchronisation,
such as modern communications, precision measurement, and monitoring of geological
disasters and crustal movement. Therefore, timing is pivotal to a country’s economic life-
lines and its national security (Ge et al., 2018, 2019). At present, the main timing method
is based on the satellite navigation system. Its timing accuracy, based on pseudo-range
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measurements, is generally in the order of tens of nanoseconds (Zhu, 2015). The tim-
ing precision of the BeiDou navigation satellite system (BDS) is better than 20 ns (95%,
with respect to BeiDou navigation satellite system Time (BDT)) globally (BDS-OS-PS-
2.0,2018-12, 2018), according to the BeiDou Public Service Performance Specification
(Version 2.0) released in December 2018. It is currently unable to meet the demand for
timing precision of nanosecond applications such as the frontier basic researches, national
defence construction and space science.

To realise the timing function, the satellite navigation system broadcasts traceability
model parameters in navigation messages to predict the deviation between GNSS sys-
tem time and UTC(k) for determining the time bias between users’ local time and UTC
(Zhu, 2015). At present, the traceability model is generated by measuring the time differ-
ence between system time and UTC(k) by GNSS common view time transfer or two-way
satellite time and frequency transfer (TWSTFT). This paper proposes a differential timing
method by changing the manner of generation of the traceability model to achieve tim-
ing precision of several nanoseconds. The manner of generation of the traceability model
parameters is changed, including the errors of traditional one-way timing. The benefits are
not only to realise the traceability of GNSS system time to UTC but also to improve the
precision of traditional GNSS one-way timing. The proposed method has advantages when
carried out through the three GEO satellites in BDS-3 constellation with less ephemeris
and ionospheric delay errors (BeiDou Navigation Satellite System, 2009).

2. ERROR SOURCES OF GNSS ONE-WAY TIMING. The GNSS timing user obtains
the satellite-to-user pseudo-range observation Ps

r,i in Equation (1) by receiving GNSS signal
while decoding the navigation message parameters (Sha et al., 2013; Zhang et al., 2019).
The satellite position at the time of transmission is calculated according to the ephemeris
parameters in the navigation message and then the geometric distance Rs

r between the satel-
lite and user is determined at the time. The deviation dTs(ts) between the satellite clock
and the system time is calculated according to the parameters of the satellite clock model.
The tropospheric refraction delay Ts

r is calculated according to the empirical Saastamoinen
model. The additional delay of the ionosphere I s

r,i is corrected by single-frequency iono-
spheric model or a dual-frequency combination of observations. The internal hardware
delay of receiving terminal Dr is calibrated in advance.

Ps
r,i = Rs

r + c(dtr(tr) − dTs(ts)) + I s
r,i + Ts

r + Dr + εP (1)

For the pseudo-range observation in Equation (1), the above delay corrections are deducted
to obtain the user receiver clock difference in Equation (2), that is, the deviation between
the local time of the user and the system time of GNSS.

dtr(tr) =
1
c

(Ps
r,i − Rs

r + dTs(ts) − I s
r − Ts

r − Dr) (2)

Thus, the difference between local time and GNSS time is obtained. If a user wants to
know the bias between their local time and UTC, the traceability model parameters will be
applied to calculate the time difference �tUTC and correct the user’s clock difference as

tr,UTC = dtr(tr) − �tUTC. (3)

In the above process of realising timing, the main error sources, as shown in Figure 1,
affecting one-way timing results are: satellite clock error, ephemeris error, ionospheric
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Figure 1. Distribution of error sources in GNSS one-way timing.

additional delay correction error, tropospheric refraction delay correction error, receiving
terminal internal delay calibration error and traceability error, among others (Levine, 2008).
The satellite clock error and the ephemeris error depend on the signal in space (SIS) user
range error (URE) of GNSS. According to the BeiDou Public Signal Service Specifica-
tion, the URE does not exceed 2·5 m (95%). The ionospheric additional delay correction
error depends on the correction method applied and the tropospheric refraction delay cor-
rection error is relatively small. With the absolute delay calibration method, the internal
delay calibration error can generally be controlled within 2 ns (Zhu, 2015). The satellite
clock error is completely related to satellites; the ephemeris error and the ionospheric delay
residual error are spatially correlated. These three errors can be eliminated or reduced by
differential.

The traceability error depends on the accuracy of the traceability model parameters
broadcast in navigation messages. The International Telecommunication Union (ITU)
requires that the system time of a satellite navigation system should trace to UTC and
the deviation against UTC should stay within 100 ns (Wang, 2014). Thus, the system time
of GNSS is directly traced to UTC(k) which is the physical realisation of UTC by tim-
ing laboratory k via TWSTFT or GNSS common view time transfer links (Dong and Wu,
2012; European GNSS (Galileo) 2010; Lewandowski and Arias, 2011; Nicolini and Capo-
rali, 2018). Although the traceability deviation is precisely monitored, the error sources
from satellites to users in one-way timing cannot be effectively eliminated or reduced due
to different paths. The error fluctuates in the range of −40 ns to 30 ns with an average error
of about 41 ns (Zhu, 2015).
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Figure 2. Principle of the proposed differential timing method.

3. DIFFERENTIAL TIMING METHOD BASED ON TRACEABILITY MODEL
PARAMETER. Inspired by the above analysis of one-way timing error sources and the
current monitoring method of traceability deviation, a differential timing method by chang-
ing the generation of traceability model parameter is proposed. The principle of this method
is shown in Figure 2. In the timing master station (TMS), one timing monitoring receiver,
referenced to the UTC(k) time and the frequency signal kept by the timing laboratory k, is
used to collect the pseudo-range observations by receiving GNSS SIS. The pseudo-range
observations of satellites in view are corrected with each error delay correction of one-
way timing to obtain the clock difference dtm,i(tm,i) of the monitoring receiver at TMS for
each satellite with m indicating the TMS. The clock difference represents the time devia-
tion between the system time obtained through satellite i and UTC(k). Then the traceability
deviation model parameters are obtained by modelling the traceability deviation dtm,i(tm,i)
of each satellite at the master control station, and then inserted into the navigation message
and sent to the corresponding satellites by the uplink station.

The user timing receiver receives GNSS satellite signals and deducts all the delays from
pseudo-range observations to obtain the receiver clock difference dtr,j (tr,j ) related to each
satellite in view. Then the traceability model parameters of corresponding satellites moni-
tored by TMS are further applied to correct the receiver clock error, and the time difference
between the user local time and the reference time UTC(k) of TMS is obtained.

�tr,m,i = dtr,j (tr,j ) − dtm,i(tm,i), i = j (4)

Equation (4) indicates that the proposed method is equal to implementing a timing differ-
ential between user and TMS via satellite i. Compared with the traditional GNSS one-way
timing method, the advantage of the proposed method is reflected in the change of the
manner of generation of traceability deviation that reduces the error sources of the tra-
ditional radio navigation satellite system (RNSS) one-way timing and realises timing at
nanosecond level. The satellite traceability deviation monitored by the proposed method
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includes the delay correction error εm of TMS, namely satellite clock error, ephemeris
error, ionospheric delay correction error, tropospheric delay correction error and monitor-
ing receiver internal delay calibration error. If εr represents the traditional RNSS one-way
timing error, then the timing error of the proposed method is εrm = εr − εm. Considering the
satellite clock errors for the same satellite at the user station and the TMS are completely
correlated, and the ephemeris error and ionospheric error are correlated with the space, εrm
is generally smaller than εr after differential, especially when the user is close to the TMS.
Consequently, the accuracy of the traceability differential timing method is better than that
of the traditional one-way timing method. The internal delay calibration error of the receiv-
ing terminal is one of the main error sources that affect the timing result of RNSS one-way
timing method. To obtain accurate timing results, it is necessary to calibrate accurately the
internal delay of the receiver terminal. As far as traceability of the differential method is
concerned, the timing result is affected by the relative internal delay between user terminal
and the timing monitoring receiver (Romisch et al., 2012). Therefore, users need to deter-
mine the relative delay of their terminals against the timing monitoring receiver at TMS
which avoids the complicated calibration of receiver internal delay (Young et al., 2009).
Another benefit is that the accuracy of relative delay calibration is more precise and the
implementation is simpler and easier (De Bakker et al., 2012; Zhu, 2015).

4. ANALYSES OF REALISING THE PROPOSED METHOD ON BEIDOU GEO
SATELLITES. BeiDou GEO satellites can always be seen by the China area and there-
fore can be utilised at a high rate. The BeiDou master control station can update navigation
message information in real time (Schempp et al., 2008; Xiao et al., 2016). Five sites sur-
rounding the China area are selected as the test sites: Changchun in the northern region,
Sanya and Kunming in the southern, Kashi in the western, and Shanghai in the eastern.
The BDT is steered to UTC(NTSC), kept by the National Time Service Center (NTSC)
which is located at Xi’an, China. Thus, this timing laboratory is taken as the TMS. All the
five sites as well as Xi’an can observe the three GEO satellites (80◦ E, 110·5◦ E, 140◦ E)
of BDS-3 for 24 h a day with elevation of not less than 10◦. The time period of observing
BeiDou MEO satellites in the same condition is only about 6 h. That is to say, in order to
achieve uninterrupted timing throughout one day for single-satellite one-way timing, users
need to track at least four MEO satellites in turn, while only one GEO satellite is sufficient.

In addition, compared with MEO satellites, the traceability differential method based
on GEO satellites is less affected by ephemeris and ionospheric delay errors. The residual
ephemeris error can be expressed as:

�τAB ≤ 1
c

·

∣∣∣⇀

dAB

∣∣∣
r

·
∣∣∣⇀
εS

∣∣∣ , (5)

where
⇀

dAB is the distance between user and TMS, ⇀
εS is the satellite position error, r is the

distance from satellite to TMS.
From Equation (5), one can see that the residual ephemeris error is inversely propor-

tional to the distance from satellite to TMS. This means that, for certain ⇀
εS and

⇀

dAB, the
higher the satellites’ orbits, the smaller the residual ephemeris errors. BeiDou GEO satel-
lites orbit at the altitude of 35,786 km which is 1·66 times higher than that of BeiDou MEO
satellites. When the distance between user and TMS is 1,000 km and the satellite position
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Table 1. Differential ionospheric delay residual respectively between five sites and Xi’an via different satellites
(Unit: meter).

Satellite

SV01 SV02 SV03 SV04 SV05

Station φIPP
i �Irm φIPP

i �Irm φIPP
i �Irm φIPP

i �Irm φIPP
i �Irm

Xi’an 42·3 – 45·3 – 52·7 – 30 – 30·2 –
Changchun 41·4 0·04 31·1 0·9 41·4 0·4 34·2 0·4 20·8 1·35
Kunming 43·2 0·04 56·3 0·3 61·3 0·2 28·3 0·2 38·0 0·6
Sanya 51·6 0·3 56·8 0·3 70·0 0·3 34·4 0·4 35·1 0·4
Kashi 22·1 1·9 46·9 0·1 36·9 0·7 – – 30·1 0·4
Shanghai 51·2 0·3 40·2 0·2 54·4 0·1 39·1 0·7 24·2 0·7

error is 10 m, the residual ephemeris error based on the MEO satellites is 0·46 m, about
1·5 ns, while the residual ephemeris error based on the GEO satellites is only 0·28 m, about
0· 9ns.

Because GEO satellites are almost stationary, the variation of ionospheric pierce point
(IPP) of GEO satellites for fixed locations in the China region is very small. The latitude and
longitude variation of IPP for the China area is no more than 2◦. The differential ionospheric
error corresponding to the B1 frequency of the BeiDou navigation signal can be expressed
as:

�Irm = |Ir − Im| =
40 · 3

f 2 ·
∣∣∣∣ 1
sin φIPP

r
· VTECr − 1

sin φIPP
m

· VTECm

∣∣∣∣
≈ 40 · 3

f 2 · VTEC ·
∣∣∣∣ 1
sin φIPP

r
− 1

sin φIPP
m

∣∣∣∣
≈ 1 · 62 ·

∣∣∣∣ 1
sin φIPP

r
− 1

sin φIPP
m

∣∣∣∣

(6)

where Im denotes the ionospheric delay of Xi’an station, Ir is the ionospheric delay of the
five sites, φIPP

m is the elevation of IPP for Xi’an reference station, φIPP
r is the elevation of

user IPP, andVTECr, VTECm are the vertical total electronic content corresponding to IPP
of user and TMS. VTEC is the average total vertical electronic content over TMS and the
user.

Table 1 provides the elevation of IPP, φIPP
i , when five BeiDou GEO satellites are

observed at Xi’an and the other five stations, respectively. The corresponding differential
ionospheric delay residuals between the five stations and Xi’an, �Irm, are also listed. It can
be seen that even if the difference between IPP elevations of Kashi and Xi’an reaches 20◦

when simultaneously observing SV01, the differential ionospheric delay residual is only
1·9 m. The result is 1·35 m when Changchun and Xi’an observe SV05 at the same time.
Except for the above two cases, the residual ionospheric delays for all the other cases are
within 1 m. It is worth noting that the ionospheric delay residuals in the above table only
account for the difference in ionospheric delay caused by the difference of elevation. As
a matter of fact, the total vertical electron content over different stations is different and
changes in complicated ways with time and space. Therefore, the differential ionospheric
delay residuals may be larger than those in Table 1.
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Figure 3. Experiment verification platform of BeiDou traceability differential timing method.

5. EXPERIMENT VERIFICATION AND ANALYSIS.
5.1. Setup of experiment platform. In order to test the feasibility of the proposed

method, an experiment verification platform is built based on the UTC(NTSC) time
frequency signal kept by the timing laboratory of NTSC, as shown in Figure 3.

The monitoring equipment in TMS mainly includes a timing receiver, a time interval
counter (TIC), an industrial personal computer (IPC) and data processing software. TMS
locates at NTSC and takes UTC (NTSC) as the reference time and frequency signal. The
receiver receives BeiDou SIS, completes the pseudo-ranges measurement, decodes the nav-
igation message and simultaneously outputs the 1PPS timing signal. The TIC measures the
time difference between the receiver’s output 1PPS signal and the UTC(NTSC) 1PPS refer-
ence signal. The IPC collects the receiver observations and the time difference measured by
TIC. The software running on the IPC first calculates the receiver clock bias corresponding
to each satellite in view of TMS. Then, according to the measured time difference of TIC,
the time difference between BDT derived by each visible satellite and UTC(NTSC), i.e.,
the satellite traceability deviation, is obtained. A time period of some satellite traceability
deviations is modelled. Finally, the traceability deviation model parameters of this satellite
are obtained. The model parameters are related with satellites with fixed update period.

The experiment sites were equipped with atomic clocks. The time signal output by the
atomic clock was used as the reference signal of the experiment device and the local time
of the experiment sites. The monitoring equipment at the experiment site works in the
same way as that of TMS. The receiver clock difference at the experiment site is obtained
via the same process as that of TMS. Then, the traceability deviation model parameters
monitored by TMS are received and applied by extrapolating the model parameters. The
predicted traceability deviation is further used to correct the receiver clock difference of the
experiment site. As a result, the time difference between the local time of experiment site
and UTC (NTSC) is obtained.
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Figure 4. Delay difference between experimental equipment and TMS.

The TMS was selected at Xi’an, and the experiment sites were selected respectively
at Lin’tong, Sanya and Kashi. TWSTFT links of Xi’an–Sanya and Xi’an–Kashi (Huang
et al., 2019) and an optical fibre time transfer link of Lintong–Xi’an (Meng et al., 2018) are
operated simultaneously as the verification reference for evaluating the performance of the
traceability differential timing method. The accuracy of time transfer of the TWSTFT link
is better than 2 ns and the optical fibre link performs even better.

5.2. Experiment process and evaluation method. Before the experiment is carried
out, the system delay of the platform is calibrated in advance. First, the system delay dif-
ference between the TWSTFT equipment and the equipment of this platform is determined
to ensure that the measurement start–stop points are consistent. The second step is to deter-
mine the differential delay of equipment at TMS and the experiment site. The near-zero
baseline comparison method with common reference clock is used to determine the differ-
ential delay between the experiment device and TMS equipment. The difference is taken
as the systematic difference and deducted from the experiment result. The average value
of the delay difference is 1·6 ns according to the measured delay difference of 10 days in
Figure 4.

The effect of the traceability differential timing method is analysed in terms of timing
and positioning at each test site. For timing, the performance of the proposed method is
compared with that of the RNSS one-way timing. The root mean square error RMSuc

time of
the difference between traditional timing results and the reference Ref are calculated. Mean-
while, the root mean square error RMSc

time of the difference between traceability differential
timing results and the reference Ref are also computed to measure the timing performance
of the proposed method.

RMSuc
time =

√√√√ 1
N

N∑
i=1

(Resuc,i − Refi)2 (7)
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Figure 5. RNSS one-way and traceability differential timing results at Lintong.

Figure 6. RNSS one-way and traceability differential timing results at Kashi.
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Figure 7. RNSS one-way and traceability differential timing results at Sanya.

RMSc
time =

√√√√ 1
N

N∑
i=1

(Resc,i − Refi)2 (8)

The positioning results with and without employing the traceability model parameters
are respectively compared with the reference position determined by survey. The index of
root mean square error is used as the analysis criterion as well. As shown in Equations
(9) and (10), (x0, y0, z0) is the surveyed position of the experiment site and (xuc

i , yuc
i , zuc

i )
represents the standard single point positioning (SPP) results by which pseudo-ranges are
corrected with the traceability differential timing parameters and (xc

i , yc
i , zc

i ) are the standard
SPP results without the correction.

RMSuc
3D =

√
(xuc

i − x0)2 + (yuc
i − y0)2 + (zuc

i − z0)2

N
(9)

RMSc
3D =

√
(xc

i − x0)2 + (yc
i − y0)2 + (zc

i − z0)2

N
(10)

In addition, the timing improvement ratio of the proposed method against the RNSS
one-way timing results is provided in Equation (10). The improvement ratio of positioning
is defined as the position errors with traceability differential deviation correction against

https://doi.org/10.1017/S0373463320000314 Published online by Cambridge University Press

https://doi.org/10.1017/S0373463320000314


1336 YING LIU AND OTHERS VOL. 73

Table 2. Comparison of BeiDou traceability differential timing results with RNSS one-way timing results
(Unit: ns).

Experiment sites RNSS one-way timing Traceability differential timing Improvement ratio

Lintong 10·47 4·04 61%
Kashi 20·5 6·56 68%
Sanya 753 6·09 99%

Figure 8. Positioning errors of standard SPP and traceability differential SPP at Lintong

that of the standard SPP by Equation (12).

Tim_ratio =
RMSuc

time − RMSc
time

RMSuc
time

× 100% (11)

Pos_ratio =
RMSuc

3D − RMSc
3D

RMSuc
3D

× 100% (12)

5.3. Analysis of timing results. Figure 5 shows the results of RNSS one-way tim-
ing and traceability differential timing for Lintong from 22 September to 2 October 2015.
Figure 6 shows the results for Kashi from 20 to 23 October 2015. Figure 7 shows the results
for Sanya from 10 to 20 May 2016. The comparison of BeiDou traceability differential
timing results with those of RNSS one-way timing is shown in Table 2.

According to the results of the Lintong, Sanya and Kashi experiment sites, shown in
Figures 5–7 and Table 2, it can be concluded that a timing accuracy of better than 10 ns can
be achieved with the traceability differential model parameters generated by the proposed
method. Compared with the traditional RNSS one-way timing method, the improvement
ratio of this new timing method is at least 60%.

It should be specially stated that during the experiment at Sanya the GEO satellites
were maneuvered and the ephemeris had large errors which led to a very large drift in the
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Figure 9. Positioning errors of standard SPP and traceability differential SPP at Kashi.

Figure 10. Positioning errors of standard SPP and traceability differential SPP at Sanya.

one-way timing results. However, the results of the traceability differential timing were
still accurate. This indicates the restraining effect of ephemeris error of the traceability
differential timing method.
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Table 3. Comparison of positioning errors for traceability differential SPP and
standard SPP (Unit:meter).

Experiment site

Position model Lintong Kashi Sanya

Standard SPP 5·13 19·36 5·80
Traceability differential SPP 1·56 10·03 3·99
Improvement ratio 68·6 48·2 31·2

5.4. Analysis of position results. In implementing standard SPP, different satellite
clock time must be corrected to the common system time of the satellite navigation system.
If pseudo-ranges are further corrected with the traceability differential deviation, the SPP
results can be improved. The principle is similar to that of local differential position with
only one reference station. This is because the traceability differential deviation includes
ephemeris error, satellite clock error and ionospheric error which are correlated with those
of the user. If the traceability differential deviation is applied to correct the pseudo-ranges
of the user before implementing SPP, then the errors will be weakened and thereby the
accuracy of user positioning will be improved.

In order to verify the improvement effect of this method on positioning, experiments
were carried out in Lintong, Kashi and Sanya. The SPP results with and without the correc-
tion of traceability differential deviation are respectively shown in Figures 8– 10. Table 3
shows the three-dimensional position error at Lintong, Kashi and Sanya with and without
application of traceability differential deviation. It can be seen from the data in the table that
the position error is reduced from 5·13 m to 1·56 m for Lintong, from 19·36 m to 10·03 m
for Kashi and from 5·80 m to 3·99 m for Sanya, respectively. The difference in positioning
improvement effect for the three experiment sites with this method is because it depends
on factors such as the distance between the experiment site and TMS and the latitude of the
experiment site (Feng et al., 2011).

6. CONCLUSIONS. In this paper, a differential timing method based on traceability
model is proposed. Just by modifying the manner of generating traceability model param-
eters, the effect of differential timing is obtained with several-nanosecond accuracy. The
new traceability deviation model parameters corresponding to each satellite, being fully
compatible with the original traceability model parameters in the navigation message, are
encoded into the navigation message of the current satellite and broadcast to users. More-
over, this method is compatible with the user hardware without any change. The accuracy
of BDS RNSS one-way timing can be improved from tens of nanoseconds to the nanosec-
ond level with the traceability differential timing method, which provides a feasible way
for BDS to provide nanosecond level timing services. At the same time, the positioning
accuracy can also be improved.

Speaking in principle, this method is basically the same as differential. Therefore, the
timing results will deteriorate with the increase of distance between users and the TMS.
One simple way to solve this problem is to add more TMS stations in wide distribution to
enlarge the effective range. All the TMSs keep time synchronisation and form a network
with all the data broadcast to users uniformly. Users make use of data from one or several
TMSs to compute the optimal timing result.
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