
Journal of Geodesy (2022) 96:52
https://doi.org/10.1007/s00190-022-01638-5

ORIG INAL ART ICLE

On the satellite clock datum stability of RT-PPP product and its
application in one-way timing and time synchronization

Wenfei Guo1 · Hongming Zuo1 · Feiyu Mao1 · Jiaqi Chen1 · Xiaopeng Gong1 · Shengfeng Gu1 · Jingnan Liu1

Received: 8 November 2021 / Accepted: 21 June 2022 / Published: 08 August 2022
© Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
In real-time precise point positioning (RT-PPP), PPP one-way timing is used to steer local oscillators, but the timing per-
formance could be significantly affected by the datum stability of the satellite clock product. To measure the stability of a
satellite clock datum relative to the hydrogen maser (H-MASER) clock, a new GNSS satellite clock datum stability assessing
model based on the overlapping Allan variance (AVAR) is proposed for both PPP one-way timing and time synchronization.
Experiments were carried out with nine Global Navigation Satellite System (GNSS) stations at time laboratories with an
external H-MASER clock to analyze the datum stability performance. In the experiments, RT satellite products from five RT
Analysis Centers (ACs): CNES, ESA, GFZ, GMV, WHU, and the final satellite product from IGS were used in the compar-
ison. Results show that the datum stability of all RT products tended to be similar, i.e., 6 to 8E−15/day, where WHU and
GMV outperformed other RT ACs. Moreover, these datum stability results indicate that RT-PPP for steering local oscillators
improves stability to 6 to 8E−15/day when selected with an appropriate RT product. The estimation noise in all RT ACs was
at about the same level, i.e., 1 to 2E−15/day, but WHU delivered the most stable performance. Thus, datum stability is an
effective guide for setting parameters and making long-term stability predictions when steering local oscillators, and satellite
clock datum stability can be measured conveniently and quickly using the GNSS satellite clock datum stability assessing
model proposed in this paper.

Keywords RT-PPP · One-way timing · Time synchronization · Clock datum stability · Allan variance

1 Introduction

Precise point positioning (PPP) technology is widely used in
positioning, navigation, and timing (Lou et al. 2015; Zum-
berge et al. 1997). Based on PPP, sub-nanosecond time
transfer and centimeter or millimeter positioning can be
realized by using GNSS carrier phase and high-precision
satellite ephemeris. Though the International GNSS Service
(IGS) releases the final, rapid and ultra-fast products via FTP,
these high-precision products were only available for post-
processing since even the ultra-fast products have a latency
of several hours. The Real-Time Working Group (RTWG)
of IGS, since April 1, 2013, has made real-time (RT) high-
precision products publicly available through RT Analysis
Centers (ACs): CNES, ESA, GFZ, GMV, and WHU. More
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details about the IGS RTWG can be found at https://igs.
org/rts. Significant efforts have been made toward the appli-
cations of PPP with IGS RT products in positioning and
navigation, and a wide range of literature has been published.
Liu et al. (2020) evaluated multi-system ambiguity resolu-
tion (AR) in RT-PPP and proposed a triple-frequency PPP
AR solution with a better ambiguity fixing percentage. Ge
et al. (2020) studied Galileo’s RT-PPP performance of the
CNES AC. This AC delivered short-term frequency stabil-
ity performance was similar to PPP time transfer in the final
satellite products, but the long-term frequency was less sta-
ble. Ouyang et al. (2021) assessed the performance of the
RT-PPP products from the CNES, DLR, WHU, and GFZ
ACs, finding that CNES had the highest precision orbit and
clock estimations.

In the time–frequency transfer, Orgiazzi et al. (2005)
evaluated the short-term noise in GPS PPP based on the
observation of nine timing laboratories distributed world-
wide. Petit and Jiang (2007) confirmed that thePPP technique
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could be used for International Atomic Time (TAI) time–fre-
quency transfers by comparing the PTBB and USNO time
laboratories. PPP has been used for TAI time transfer ever
since. Li et al. (2018) used IGS RT products to analyze the
time transfer results from four international time laboratories
and demonstrated that a root mean square (RMS) error less
than 0.3 ns can be achieved in the reference time with a daily
time transfer stability of about 2E−15. The PPP technique
only eliminates first-order ionospheric delay; thus, Pireaux
et al. (2010) analyzed the influence of the higher-order iono-
spheric delay on PPP time transfer. Their results showed that
the influence of the higher-order ionosphere was about 10 ps
during the magnetic storms. Qin et al. (2020) performed dif-
ferent clock estimation strategies of BeiDou-2 navigation
systems (BDS-2) and BDS-3 to explore the time delay bias
effect on RT PPP time transfer, and deem it necessary to cor-
rect time delay bias at BDS PPP time transfer. This research
indicates that the PPP time transfer has emerged as a research
hotspot; however,most of these studies focus on the time syn-
chronization of separated GNSS receivers rather than PPP
one-way timing.

Receiver clock estimates with PPP are biased by jumps
in the satellite clock product, but this bias can be can-
celed out in the time synchronization between stations.
Thus, PPP time synchronization is insensitive to the satel-
lite clock datum stability in different products. Guo et al.
(2019) designed a system that used the RT-PPP to steer the
local oscillator for one-way timing, which could reproduce
a frequency output stability matching the RT-PPP product
datum. This result confirms that multi-GNSS RT-PPP can
achieve sub-nanosecond one-way timing precision and 2E-
14/day frequency output stability. Rønningen and Danielson
(2019) have usedRTproduct, open-source software, standard
hardware, and dual-frequency GPS receivers to discipline
local oscillators, yielding stability that surpasses the specifi-
cations of high-performance Cesium clocks. Mishagin et al.
(2020) have shown that long-term frequency stability of local
oscillators steering is determined and limited by RT-PPP
satellite clock datum stability. The stability of the satellite
clock datum is an essential parameter for steering the local
oscillator, which illustrates the importance of a steering ref-
erence datum.

To sum up, the performance of RT-PPP in time trans-

fer has begun to receive increasing attention in the GNSS
community, and PPP one-way timing is still understudied ,

especially considering the effect of the clock datum. Thus,
more studies are needed to understand the PPP timing with
different RT AC products in-depth. Aiming to explore the
temporal stability of clock datum and its impact on PPP one-
way timing and time synchronization, we took the hydrogen
maser (H-MASER) as maintained by time laboratories and
PPP as a means to measure the reference datum stability
relative to the H-MASER. For the experiments, we selected
nine time laboratoryGNSSobservation stations andRTprod-
ucts from five ACs: CNES, ESA, GFZ, GMV, and WHU. A
PPP one-way timing and time synchronization experiment
were carried out. The clock datum stability was evaluated
by combining one-way timing and time synchronization’s
overlapping Allan variance (AVAR). The article’s structure
is arranged as follows: Sect. 2 introduces the methodology
of PPP time transfer, and a statistic is suggested for the clock
datum stability evaluation. Section 3 describes the data pro-
cessing strategies and presents PPP one-way timing and time
synchronization results. Section4 summarizes this article and
draws conclusions.

2 Methodology

A new GNSS satellite clock datum stability assessing model
was established based on the overlapping Allan variance. A
dual-frequency (DF) ionospheric-free (IF) PPP process was
derived for PPP one-way timing and time synchronization.
The effect of the satellite clock datum on PPP time trans-
fer was analyzed, and the proposed satellite datum stability
assessing model implemented using RT ACs satellite orbit
and clock products.

2.1 Effect of GNSS reference clock in PPP

Defining the IF transformation matrix Ji j on frequency i ,
j(i �� j) as:

J i j �
(
J ii j −J j

i j

)
�

(
f 2i

f 2i − f 2j

− f 2j
f 2i − f 2j

)
(1)

Then, the DF IF combination observation with the iono-
sphere effect removed can be derived as:

Psi
LC � J12 •

(
Psi
1 Psi

2

)T � ρ
si
r − t si + tr + T si − bsiLC + br , LC + εP , LC

�
si
LC � J12 •

(
�

si
1 �

si
2

)T � ρ
si
r − t si + tr + T s − λNsi

r , LC + ε�, LC

⎫
⎪⎬
⎪⎭

(2)

where Psi
LC and �

si
LC are the IF pseudorange and car-

rier phase in meters; ρ
si
r is the true geometric range, i.e.,

ρ
si
r � |rsi − rr |; t si and tr are the clock difference for
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satellite and receiver; T si is the slant tropospheric delay;

bsiLC � J12 ·
(
bsi1 bsi2

)T
and br , LC � J12 ·

(
br , 1 br , 2

)T
are

the IF code bias for satellite si and receiver r , respectively;
Nsi
r , LC is the IF phase ambiguity in unit of cycle, i.e., Nsi

r , LC �
J12 ·

(
Nsi
r , 1 Nsi

r , 2

)T
; λ is the wave length; εp, LC and ε�, LC

are the correspondingmeasurement noise, including themul-
tipath effect. Therefore, the phase center corrections, relative
effect, earth rotation error, phase-windup, and loading effects
are assumed to be corrected.

Linear dependence of code bias and clock difference is
usually lumped together in the IF data processing (Yang et al.
2019):

t si : � t si + bsiLC
tr : � tr + br , LC

}
(3)

the symbol : � heremeans “is replaced by.” Similarly, denote

Nsi
r , LC : � Nsi

r , LC +
bsiLC
λ

− br , LC
λ

(4)

Then, Eq. (2) can be simplified to:

Psi
LC � ρ

si
r − t si + tr + T si + εp, LC

�
si
LC � ρ

si
r − t si + tr + T si − λ1N

si
r , LC + ε�, LC

}
(5)

Equation (5) is the observation model utilized in PPP. In
time transfer applications, t si must be refined. As all signals
transmitted by a GNSS satellite are directly derived from

the “reading” clock of the satellite (Wübbena 1988), thus t si

stands for bias between the “reading” clock and the chosen
time reference. However, the satellite clock deviates from the
“true” so we may choose to define the reference clock more
abstractly (Allan 1987). Thus, the estimate of t si , i.e., t̂ si , is
biased by the chosen reference clock.

In the satellite clock solution, extra conditions should be
applied to separate the satellite clock and receiver clock. The
most widely used constraint can be expressed as (Yang et al.
2019):

uTs ys · t s ys � 0 (6)

thus in which usys �
(
1 1 · · · 1

)T
is a vector with one

entry, with a length equal to the number of satellites in one

system; so the superscript sys ∈
(
G R C E

)
denotes dif-

ferent GNSS systems; and t s ys �
(
t s1 t s2 · · · t sn

)T
stands

for the satellite clock vector for this one system. The chosen
reference clock is defined with Eq. (6), clock datum con-
straints inGNSS satellite clock estimation, which can cause a
reference clock offset t0. In addition, due to the linear depen-
dence of the satellite clock and the carrier phase ambiguity,
an additional bias t si0 could also emerge after the convergence
of the ambiguity for each satellite si . Thus, a detailed expres-
sion of the satellite clock estimate t̂ si can be written as

t̂ si � t si − t0 − t si0 + εsi (7)

where t0 is the reference clock offset due to the linear depen-
dence of satellite clock and receiver clock, which is identical
for different satellites of the same system; t si0 is the reference
clock offset due to the linear dependence of satellite clock
and ambiguity, which is different for different satellites as
presented in Appendix A; εsi is the estimation noise.

By substituting Eq. (7) into Eq. (5), we have:

Psi
LC � ρ

si
r − t̂ si + tr − t0 − t si0 + T si + εP , LC

��
si
LC � �ρ

si
r − �̂t si + �tr − �t0 + �T si + ε��, LC

}

(8)

where the operator� presents the between epoch difference;
��

si
LC is involved since, that the carrier phase is only sensi-

tive to the receiver clock time-varying, and the initial receiver
clock is determined by pseudorange. From this point of view,
the receiver clock estimate can be expressed as:

t̂r (k) � tr (0) − t0(0) − t s0(0) +
∑k

i�1

[
�tr (i) − �t0(i) − �t s0(i)

]
+ εr , P

�̂tr (k) � �tr (k) − �t0(k) + εr ,��

}
(9)

where t̂r (0)=tr (0)− t0(0)− t s0(0) is the initial receiver clock;
εr , P and εr ,�� is the corresponding estimation noise for
pseudorange and epoch difference carrier phase; �̂t P , LC �
�tr − �t0 − �t s0 and �̂t�, LC � �tr − �t0 is the receiver
clock time-varying estimated by pseudorange and carrier
phase, respectively;t s0 is the weighted mean of the t si0 of
the involved satellite, and the term �t s0 emerges as a dif-
ferent satellite involved in the pseudorange solution, while
it is eliminated by between epoch difference in the carrier
phase solution. Then without loss of generality, the receiver
clock estimates with both pseudorange and carrier phase can
be expressed as:

(10)

t̂r (k) � t̂r (0)

+
∑k

i�1

[
wP

wP + w�
�̂t P , LC (i)+

w�

wP + w�
�̂t�, LC (i)

]

+ εr
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where wP and w� present the weight of pseudorange and
carrier phase, respectively, andwP : w� � 1 : 100 generally
due to the observation accuracy of pseudorange and carrier
phase; εr is the joint effect of εr , P and εr ,��. Thus, the
receiver clock time-varying is dominated by carrier phase:

t̂r (k) ≈ t̂r (0) +
k∑

i�1

�t̂�, LC (i) + εr

� tr (0) − t0(0) − ts0(0) +
k∑

i�1

[
�tr (i) − �t0(i)

]
+ εr

�
⎛
⎝tr (0) +

k∑
i�1

�tr (i)

⎞
⎠ −

⎛
⎝t0(0) +

k∑
i�1

�t0(i)

⎞
⎠ − ts0(0) + εr

� tr − t0 − ts0(0) + εr (11)

from which it is suggested that the time-varying of receiver
clock, the effect of t s0 is almost can be ignored after con-
vergence. When performing time synchronization of two
receivers ra and rb with PPP, their time difference is derived
as:

�trarb � t̂ra − t̂rb � tra − trb + �t s0a, b + εra − εrb (a �� b)

(12)

so the term t0 is canceled out once all the receivers use the
same AC product; although �t s0a, b cannot be canceled out
for long baselines as different satellites may be involved in
PPP time transfer for receivers ra and rb, its effect can be
neglected for the stability of �trarb after PPP convergence.
Equation (11) and Eq. (12) are regarded as the solution for
PPP one-way timing and time synchronization; but the terms
t0 and t si0 are usually not explicitly defined in the PPP model
as the receiver coordinate is unaffected by these clock datum
terms.

2.2 Assessment of clock stability with PPP

Based on the series of the receiver clock t̂r generated with
Eqs. (11) and (12), its stability can be evaluated with the
overlapping Allan variance (AVAR) (Allan 1987; Lei et al.
2019):

δ2y(τ , x) � 1

2(N − 2m)τ 2

∑N−2m

i�1
S2(x) (13)

S(x) � xi+2m − 2xi+m + xi (14)

where τ � mτ0 represents the average time, m and τ0 repre-
sent the averaging factor and the basic measurement interval,
respectively; N represents the number of measured values;
x represents the N phase values spaced by the measurement

interval τ0. By substituting Eq. (11) into Eq. (13), be aware
that t s0 could be ignored after convergence, thus we have:

δ2y
(
τ , t̂r

) � δ2y(τ , tr ) + δ2y

(
τ , t0

)
+ δ2y(τ , εr ) + δ̂tr (15)

(16)

δ̂tr � 1

2 (N − 2m) τ 2
∑N−2m

i�1

{
−2S (tr ) S

(
t0

)

+2S (tr ) S (εr ) − 2S
(
t0

)
S (εr )

}

In Eq. (15), the first term denotes the AVAR of the receiver
clock itself. The second term is the AVAR of the satellite
clock datum t0, which is dominated by the algorithm in the
satellite clock solution of each AC. The third term is the
AVAR introduced by the PPP clock estimation noise. The
fourth term is their cross-term.

Thus, the direct assessment of PPP derived receiver clock
t̂r represents a joint effect, and the evaluation of the refer-
ence clock stability for different ACs is not a trivial task
since the reference clock t0 is only implicitly defined in the
receiver clock estimate t̂r . Fortunately, once an ideal clock,
e.g., the time laboratories’ GNSS receiver with the external
H-MASER equipped, the effect of tr in Eq. (15) is relatively
neglectable as its stability can reach about 5 to 7E−15/100 s
and 5 to 7E−16/day. We can find the model of clock used
in time laboratories from (https://webtai.bipm.org/database/
clocklab.html). In this case, δ2y

(
τ , t̂r

)
can be simplified as:

(17)

δ2y
(
τ , t̂r

) ≈ δ2y

(
τ , t0

)
+ δ2y (τ ,

εr ) − 1

2 (N − 2m) τ 2
∑N−2m

i�1
2S

(
t0

)
S (εr )

Similarly, for the PPP time synchronization, substituting
Eq. (12) into Eq. (13) and being aware that the effect of tr
and �t s0a, b may be ignored then we have:

δ2y
(
τ , �trarb

)

≈ δ2y
(
τ , εra

)
+ δ2y

(
τ , εrb

)

− 1

2 (N − 2m) τ 2
∑N−2m

i�1
2S

(
εra

)
S

(
εra

)
(a �� b)

(18)

As for IGS reference stations with the precise products of
the same AC, their PPP performance can be safely regarded
as identical. Thus, the subscript of r can be omitted in
Eqs. (17) and (18), e.g., δ2y(τ , εr ) � δ2y(τ , ε)(r � a, b,
· · ·). In addition, as evidenced in the Appendix B experi-
ment 1 with simulated data, for two independent power law
clock noises with a similar noise parameter, their cross-term
will be one order lower than the Allan deviation of each
term, i.e., 1

2(N−2m)τ 2

∑N−2m
i�1 2S

(
εra

)
S
(
εrb

) � δ2y(τ , εr ) �
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δ2y(τ , ε)(r � a, b, · · ·). Then, Eq. (18) can be further sim-
plified to

δ2y
(
τ , �trarb

) ≈ 2δ2y(τ , ε)(a �� b) (19)

Once there are δ2y
(
τ , t̂r

)
as Eq. (17) from k receivers, and

k−1 time synchronization AVAR δ2y
(
τ , �trarb

)
with respect

to thefirst receiver asEq. (19),we can solve the terms δ2y(τ , ε)

and δ2y
(
τ , t0

)
: � δ2y

(
τ , t0

) − 1
2(N−2m)τ 2

∑N−2m
i�1 2S

(
t0

)
S(ε)

with the GNSS satellite clock datum stability assessing

model:

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

δ2y
(
τ , t̂r1

)
...

δ2y
(
τ , t̂rk

)
δ2y

(
τ , �tr1r2

)
...

δ2y
(
τ , �tr1rk

)

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

�
(

uk uk

2uk−1 zk−1

)(
δ2y(τ , ε)

δ2y
(
τ , t0

)
)

(20)

inwhich uk is defined as that in Eq. (6); zk � (0, 0 . . . 0)T

is a k × 1 vector with zero entries. Note that the AVAR
δ2y

(
τ , t0

)
derived from Eq. (20) is actually biased by

− 1
2(N−2m)τ 2

∑N−2m
i�1 2S

(
t0

)
S(ε). Simulation in Appendix B

experiment 2 illustrates the effect of the cross-term could be
neglected safely on the datum stability. Thus, δ2y

(
τ , t0

)
in

this study presented an appropriate estimation of the clock
datum stability in PPP.

3 Experiment

This section further analyzes the stability of the IGS RT
satellite clock of different ACs and their performance in PPP
one-way timing and time synchronization using the proposed
satellite datum stability assessing model. RT satellite prod-
ucts from five IGS ACs and observing data from stations at

nine time laboratories over DOY (day of the year) 011 to 046,
2022 were collected for the experiments.

3.1 Dataset and processing strategy

Shown in Table 1 is the summary of RT products from five
ACs used in this study, including CNES (Centre National
d’Etudes Spatiales), ESA (European Space Agency’s Space
Operations Centre), GFZ (Helmholtz Centre Potsdam -
German Research Centre for Geosciences), GMV (GMV
innovating solutions), and WHU (Wuhan University). Both
products of APC (Antenna Phase Centre) and CoM (Centre
ofMass)were available from theseACs,while theCoMprod-
ucts were selected in this study. Moreover, most ACs provide
satellite products of Global Positioning System (GPS), Bei-
Dou Navigation Satellite System (BDS), GLONASS (GLO),
and Galileo satellite navigation system (GAL).

For PPP one-way timing, the RT IGS products from Table
1 and broadcast ephemeris are matched by Issue of Data
Ephemeris (IODE) to generate a precise satellite orbit and
clock. For more details on the RT IGS products and the pre-
cise satellite orbit and clock recovery algorithm, please refer
to the BKG Ntrip Client software (BNC, https://igs.BKG.
bund.de/) provided by BKG and Li et al. (2018). The release
interval of the products in Table 1 is 5 s. To get a measure
of the availability of the RT products from these ACs, we
calculated the product integrity rate according to the interval
for different ACs. The results are presented in Fig. 1.

As shown, although the loss of RT products is unavoidable
due to network problems (Shi et al. 2019), almost all these
ACs had an integrity rate of over 90% for our experimental
period. In addition, the IGS final product of the experimen-
tal period was also collected in this study for comparative
purposes. PPP processing, however, uses not only ephemeris
data from RT ACs, but also observation data released by
observing stations.

A summary of the external clock, distance, and locational
data for the nine observing stations is presented in Table 2.

Table 1 Summary of RT IGS
products Product’s

mountpoint
Generating
agency

Orbit Ref
point

Satellites Software

SSRC00CNE0 CNES CoM BDS + GPS + GLO +
GAL

PPP—WIZARD

SSRC00ESA0 ESA CoM GPS RETINA

SSRC00GMV0 GMV CoM BDS + GPS + GLO +
GAL

magicGNSS

SSRC00GFZ0 GFZ CoM BDS + GPS + GLO +
GAL

EPOS-RT

SSRC00WHU0 WHU CoM BDS + GPS + GLO +
GAL

FUSING
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Fig. 1 Real-time product integrity rate of different ACs from DOY 011
to 046, 2022

All nine stations at time laboratories are equippedwith a high
stability activeH-MASERmaintained by the time laboratory.

Recalling Eq. (17), in the case of these nine stations, the
clock estimates varywith PPP, i.e., so t̂r , is subject to stability
of the satellite clock datum and the receiver clock estimation
noise. In addition, as we take OP71 as the central node for
time synchronization, thus the distance from other stations
varies from 262.3 to 8892.4 km. We can analyze the residual
effect of the satellite clock datum in PPP time synchroniza-
tion for different baselines, but this depends on the processing
strategy.

The PPP data processing strategy is shown in Table 3. As
shown, the GPS dual-frequency IF combination is involved
with SRIF (Square Root Information Filter) in the simulated
RTmode. Although the receiverswere all equippedwith high
accuracy H-MASER, the receiver clock difference parame-
ters were treated as white noise in PPP for this study.

After formulating thePPPprocessing strategy,we selected
software for PPP processing. The experiments were per-
formed with the FUSING (FUSing IN GNSS) software (Gu
et al. 2021, 2020; Zhao et al. 2019). The FUSING software
was developed for high-precision real-time GNSS data pro-
cessing, multi-sensor navigation, and atmospheric modeling
(Luo et al. 2020, 2021). RT satellite orbit and clock from
SSRC00WHU0 in Table 1 were also generated with FUS-
ING software, and the nine stations analyzed in this study
were not included in the RT products processing. After PPP

Table 3 PPP data processing strategy

Item Strategy

Orbit and clock RT products from five ACs in Table 1

Observation GPS L1/L2 IF combination

Estimator SRIF in simulated RT mode

Interval 30 s

Cut-off angle 10◦

Phase windup Corrected(Wu et al. 1993)

Relativistic effects IERS Conventions Centre 2010

Earth rotation IERS Conventions Centre 2010

PCO and PCV igs14.atx

Tropospheric delay Prior model with remaining estimated as a
random walk process

Ambiguity Float

Receiver coordinates Static

Receiver clock White noise

Software FUSING

processing with FUSING, we get the result of PPP one-way
timing.

3.2 PPP one-way timing

Shown in Fig. 2 is the receiver clock series for PPP one-way
timing, i.e., t̂r , from DOY 011 to 046, 2022 with products
of five RT ACs and IGS for nine stations. Since the selected
external clockof these stationswas thehigh stability activeH-
MASER, the variation of the one-way timing series in Fig. 2
was subjected to the effect of the GNSS reference clocks of
each ACs.

A comparison of these sequences shows that clock differ-
ences behave similarly for all stations. This confirms that the
selected H-MASER has a very slight frequency deviation.
The result of GFZ AC however contained more noise than

Table 2 Summary of observing
stations Station External clock Distance from OP71 (km) Location

Latitude (◦) Longitude (◦) Height (m)

OP71 UTC(OP) – 52.296 10.460 130.2

BRUX UTC(ORB) 262.3 50.798 4.359 158.3

IENG UTC(IT) 585.7 45.015 7.639 316.6

SPT0 UTC(SP) 1208.6 12.891 57.715 219.9

ROAG UTC(ROA) 1536.5 − 6.206 36.463 83.2

NRC1 UTC(NRC) 5475.3 − 75.624 45.454 82.5

USN8 UTC(USNO) 5943.4 38.921 − 77.066 58.9

NIST UTC(NIST) 7388.2 39.995 − 105.263 1648.4

TWTF UTC(TL) 8892.4 121.165 24.954 203.1
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Fig. 2 Receiver clock series from
PPP one-way timing from DOY
011 to 046, 2022 with products
of different ACs

other RT ACs, which may be due to different satellite clock
generation strategy. Moreover, the IGS series was shifted by
13 ns for convenience in plotting.

Furthermore, a systematic trend was found in all these
solutions, which is reflected in the offset between each prod-
uct’s start and end epoch compared in Fig. 2. This trend was

most likely due to the divergence in the time scales of the H-
MASER at the time laboratory stations and the GPS satellite
atomic clock, but the long-term trend does not affect short-
term stability.

To obtain the stability of PPP one-way timing, we further
calculate its overlapping Allan deviations (ADEV) based on
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Fig. 3 ADEVs of receiver clock
series from PPP one-way timing
from DOY 011 to 046, 2022 with
products of different ACs

the results shown in Fig. 2. Figure 3 further presents the
ADEV of the PPP one-way timing receiver clock series, i.e.,
t̂r , from DOY 011 to 046, 2022 with products of five RT
ACs and IGS. As shown, the performance of ADEVs at all
stations was similar, which means that two to three stations
are sufficient for a rough assessment of the datum stability

differences among the products. The GFZ reference clock,
however, was unstable due volume of noise in its clock dif-
ference. GMV and WHU were slightly more stable for most
stations than IGS before 1000 s, and IGS was the most stable
after 1000 s. The stability of all RT products tended to be
similar, i.e., 7 to 9E−15/day for most of the RT ACs.
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Fig. 4 PPP time synchronization
from DOY 011 to 046, 2022 with
products of different ACs

The stability of the H-MASER clocks equipped by the
GNSS receiver from time laboratories can reach about 5 to
7E−15/100 s and 5 to 7E−16/day. This again confirms that
the clock oscillator noise as Eqs. (17) and (19) indicate theo-
retically. So far, only the effect of the satellite clock datum on
one-way timing has been analyzed, but its effect on time syn-
chronization must also be explored in time synchronization
experiments.

3.3 PPP time synchronization

Time synchronization experiments between stations were
conducted based on the nine IGS stations shown in Table
2. These experiments established eight different time links
withOP71 as the reference station. Shown in Fig. 4 is the PPP
time synchronization fromDOY 011 to 046, 2022 with prod-
ucts of different ACs. The long-term trends of short baseline
time synchronization appearing in Fig. 4 may be due to the
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Fig. 5 ADEVs of PPP time
synchronization from DOY 011
to 046, 2022 with products of
different ACs

time laboratory steering of the local H-MASER. These do
not affect the stability of the time synchronization for inter-
vals of a day or less. The ESA, WHU, and GFZ ACs show
the same trend as IGS. The effect of satellite-specific biases
on the long baseline time synchronization between different
products does not seem significant, which means the effect
can be safely ignored.

To further illustrate the stability of time synchronization
between stations in Fig. 4, the ADEV of the time synchro-
nization series is shown in Fig. 5. The IGS AC is slightly
more unstable in the short term than RT ACs. Moreover, all

products have similar time synchronization day stability, i.e.,
1 to 3E−15, and the effect of baseline length is not imme-
diately apparent. The ESA, WHU, and GFZ ACs delivered
consistent short-term stability for most time links during the
experimental period.

After getting the results of PPP one-way timing and time
synchronization based on the PPP time transfer model, we
used the proposed satellite datum stability assessing model
to measure the stability of the satellite clock datum and PPP
estimation noise.
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Table 4 Summary of
experimental results ACs CNES ESA GFZ GMV WHU IGS

Satellite clock
datum

120 s 7.77E−13 8.96E−13 1.72E−12 3.50E−13 3.05E−13 3.86E−13

10020 s 2.61E−14 3.04E−14 8.68E−14 1.85E−14 1.96E−14 7.12E−15

86400 s 7.87E−15 7.74E−15 1.73E−14 6.56E−15 8.09E−15 1.89E−15

PPP
estimation
noise

120 s 1.12E−13 8.93E−14 9.22E−14 1.45E−13 8.46E−14 2.63E−13

10020 s 7.74E−15 7.68E−15 7.56E−15 1.04E−14 5.95E−15 8.42E−15

86400 s 2.01E−15 1.57E−15 1.68E−15 2.36E−15 1.50E−15 1.71E−15

3.4 Stability of PPP time transfer

We can assess the stability of the satellite clock reference of
the five RT ACs as well as the PPP noise by solving Eq. (20)
using the ADEV in PPP one-way timing and time synchro-
nization. The results are drawn in Fig. 6.

Shown in Fig. 6 are theADEVs of the satellite clock datum
t0 (top panel) and PPP clock estimation noise εr (bottom
panel) with the five RT AC products collected from DOY
011 to 046, 2022. All RT ACs showed similar stability in the
satellite clock datum over a one day period, i.e., 6 to 8E−15.
The GMV and WHU ACs were more stable and kept pace
with IGS over the short term before the 1000 s. For PPP
estimation noise, IGS, however, was slightly unstable before
1000 s during the experiment for unknown reasons, which
might be explored in future research. Overall the estimation
noise of all RT ACs stayed at almost the same level, i.e., 1 to
2E−5/day.

Overall the slopes of the ADEVs in the PPP estimation
noise shown in Fig. 6were between− 1 and− 1/2, i.e., corre-
sponding to the flicker phase modulation noise, white phase
modulation noise, and white frequency modulation noise.
Since only white frequency modulation noise produces ran-
dom walks in phase, i.e., a colored noise that accumulates
over time, which may lead to the protracted time scale drift
in time synchronization but was invisible over the experi-
mental period.

Fig. 6 ADEV of the satellite clock datum (top panel) and PPP data
processingnoise (bottompanel)with differentACs’ products fromDOY
011 to 046, 2022

In addition, we summarized the ADEVs of the satellite
clock datum and PPP estimation noise for 120 s, 10,020 s,
and 86,400 s from Fig. 6, shown in Table 4.

As shown in Table 4, the datum stability of WHU as
3.05E−13/120s and GMV as 6.56E−15/day perform more
stable than other RT ACs. IGS is more stable than five RT
ACs by half a magnitude. The datum stability results sug-
gested that RT-PPP for local oscillator steering can improve
its stability to 6 to 8E−15/day by selecting an appropriate
RT product. Moreover, there is little difference in estima-
tion noise stability between five RT ACs, of which WHU
has the more stable performance of 8.46E−14/120s and
1.50E−15/day, even lower than IGS. The PPP estimation
noise results showed little difference in the time synchro-
nization stability between RT and IGS final products.

4 Conclusions

This paper introduces a new GNSS satellite clock datum sta-
bility assessing model derived from the overlapping Allan
variance expression for receiver clocks in PPP one-way tim-
ing and time synchronization. A theoretical analysis showed
that the overlapping Allan variance of one-way timing
reflects the joint effect of the variance of the receiver clock,
the satellite clock datum, the PPP estimation noise, and their
cross-term. By combining the overlapping Allan variance of
bothone-way timing and time synchronization,wedeveloped
a new datum stability measure for the clock datum stabil-
ity evaluation based on the time laboratory GNSS receivers
equipped with external H-MASER clocks.

PPP one-way timing and time synchronization experi-
ments using RT products from CNES, ESA, GFZ, GMV, and
WHU from DOY 011 to 046, 2022 demonstrate the effec-
tiveness of the proposed satellite datum stability assessing
model. The datum effect of the satellite clock products was
analyzed in detail with nine observing stations at time lab-
oratories equipped with H-MASER; the results indicate the
PPP one-way timing stability of all RT products tended to be
similar, i.e., 7 to 9E−15/day for most of the RT ACs. GMV
and WHU were slightly more stable for most stations than
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IGS before 1000 s. All products have similar time synchro-
nization day stability, i.e., 1 to 3E−15. In addition, the result
with IGS final satellite products was also included as a refer-
ence in the experiment, and its satellite clock datum stability
is most stable after 1000 s.

The satellite clock datum stability suggests that GMV and
WHU are slightly more stable than IGS before 1000 s, and
IGS is most stable after 1000 s. The datum stability of all RT
products will tend to be similar, i.e., 6 to 8E−15/day for most
RT ACs. The datum stability of WHU as 3.05E−13/120 s
and GMV as 6.56E−15/day performs more stable than other
RT ACs. The datum stability results suggested that RT-PPP
for local oscillator steering can improve its stability to 6 to
8E−15/day by selecting an appropriate RT product. More-
over, five RT ACs reached the same level for PPP estimation
noise, i.e., 1 to 2E−15/day, which indicated little difference
in the time synchronization stability between RT and IGS
final products

Satellite clock datum stability can be measured conve-
niently and quickly using the GNSS satellite clock datum
stability assessing model proposed in this paper. The exper-
imental datum stability results indicate that RT-PPP for
steering the local oscillator can improve the stability to 6 to
8E−15/day when an appropriate RT product is selected. So
the datum stability as measured by the proposed model is an

effective guide for setting parameters and making long-term
stability predictions when steering local oscillators.
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Appendix A

The satellite clock double difference, i.e., the difference
betweenWHURT product and IGS final product, and further
between satellites, from DOY (day of the year) 016, 2022 is
presented in Fig. 7 to show the existence of t si0 (Yao et al.
2017). As shown in Fig. 7, t si0 is rather stable.

Fig. 7 The satellite clock double
difference from DOY 016, 2022
with WHU and IGS

123

https://cddis.nasa.gov/archive/
ftp://120.27.221.11/RT_011_046_2022/


On the satellite clock datum stability of RT-PPP product and its … Page 13 of 14 52

Appendix B

To confirm that the cross-term of two independent power law
clocknoisewith a similar noise parameter is one or twoorders
lower than the Allan deviation of each term, we used Sta-
ble32 software (http://www.wriley.com/) to generate a noise
sequence n1 and n2 with the strategy of Table 5.

Where τ represents the average time, N is the number
of points, WPM is White Phase Modulation Noise, FPM is
Flicker Phase Modulation Noise, WFM is White Frequency
Modulation Noise, FFM is Flicker Frequency Modulation
Noise, and RWFM is Random Walk Frequency Modulation
Noise. The power lawnoisesmentionedhave a specific power
spectral density of their fractional frequency fluctuations of
the form Sy( f ) ∝ f a, where f is the Fourier or sideband
frequency in hertz; and a is the power law exponent. The
a ofWPM, FPM, WFM, FFM, and RWFMare 2, 1, 0, −1,
and − 2.

The Overlapping Allan deviation graph of n1, n2, and
cross-term of n1 and n2 was as follows:

As shown in Fig. 8, the cross-term was about one order
lower than that of the two origin random noises, i.e., n1 and
n2. Note that the cross-term is not always positive, and the
log–log diagram only presented the positive sequence.

In order to explain the effect of the cross-term between
the reference and the noise on the reference, we simulate the
similar overlapping Allan deviation curve by our experiment
result and give the simulation parameters in Table 6.

Table 5 Noise generative strategy

Item Strategy

τ 30

N 100,000

Noise parameter of WPM 1

Noise parameter of FPM 0

Noise parameter of WFM 1

Noise parameter of FFM 0

Noise parameter of RWFM 0

Fig. 8 Overlapping Allan deviations of n1, n2, and cross-term of n1 and
n2

Table 6 Reference and Noise generative strategy

Item Reference strategy Noise
strategy

τ 30 30

N 100,000 100,000

Noise parameter of WPM 6E−11 2E−11

Noise parameter of FPM 0 0

Noise parameter of WFM 1.5E−12 6E−13

Noise parameter of FFM 4.6E−15 0

Noise parameter of RWFM 1.022E−17 0

Fig. 9 Overlapping Allan deviation s of r, n, and cross term of r and n

We generate a noise sequence r and n as reference and
noise. The Overlapping Allan variance graph of r, n, and the
cross-term of r and n was as follows (Fig. 9).

The effect of the cross-term on reference needs to be dis-
cussed here because the noise has been detached from the
reference. From the simulation results, the cross-term on the
impact of the reference is minimal.
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