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Abstract

Long-baseline time transfer can nowadays reach rather high frequency stability based on post-processed batch least-squares adjust-
ment using the Precise Point Positioning (PPP) or Integer-PPP (IPPP) methods. For real-time PPP users, time transfer results are
degraded due to the filter-based processing mode, and the degraded accuracy of the real-time satellite orbits and clocks compared to
the final ones. The Real-Time Kinematic (RTK) time transfer can significantly reduce the satellite-related errors, but has limits on
the baseline length similar to the RTK positioning. Also, the delivery of raw observations instead of State-Space Representation
(SSR) products could result in pressure on data transfer and difficulties related to latency and prediction. In this study, the PPP-
RTK technique, which combines the advantages of the PPP and the RTK methods, is tested for real-time long-baseline time transfer.
As an alternative approach to the above two methods, it allows for the time transfer of long baselines, while not relying on external
high-sampling and high-precision satellite clocks. By delivering the satellite clocks and satellite phase biases produced within the
PPP-RTK regional network, time differences can be estimated between users and the reference network station, with which stable time
transfer between users separated by long baselines can be realized. Using dual-frequency GPS and Galileo data, the PPP-RTK time
transfer is tested using approximately a thousand-kilometer-scale network in Europe. The time transfer results between two hydrogen
masers, i.e., those on the 884 km baseline BRUX-ONSA and the 920 km baseline WTZR-ONSA, are computed. At an averaging time
of 105 s, Modified Allan Deviation (MDEV) at the level of sub-10�15 to 10�15 can be reached when processing the user coordinates in the
station fixed, static, or kinematic modes. The median clock residuals can converge to 1 ns and 0.3 ns within 2 min and 15 min, respec-
tively, in the kinematic mode, while in the static and fixed modes the convergence times are shorter. With the augmentation of 150 Low
Earth Orbit (LEO) satellites having simulated observations, the clock residuals can converge to 1 ns and 0.3 ns within 30 s and 3.5 min,
respectively, for all the three estimation modes.
� 2022 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The Global Navigation Satellite Systems (GNSSs) have
been used for the Positioning, Navigation and Timing
(PNT) services over the past decades. Benefiting from
the high precision of the final GNSS satellite orbital
and clock products provided by different institutions,
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e.g., the International GNSS Service (IGS) (Noll 2010),
the Precise Point Positioning (PPP) method has achieved
very good frequency stability in time transfer. The
Integer-PPP (IPPP), having the integer ambiguities
resolved with the help of satellite phase biases, further
improves the long-term stabilities of the time transfer to
an excellent level (Petit et al. 2015), reaching the

sub-10�16 level at an averaging time of one week (Petit
et al. 2017; Petit 2021).

Nowadays, the need for time transfer is extended to real-
time areas, e.g., fast capture of clock anomalies and
unmanned simultaneous automatic seeding. To fulfill the
needs of real-time users, the Real-Time (RT) PPP and IPPP
methods were also investigated for time transfer, applying
high-precision real-time satellite orbits and clocks within
an extended Kalman filter (Lyu et al. 2019; Qin et al.
2021). The RT PPP/IPPP time transfer has a degraded per-
formance compared to the post-processed mode. This is,
on the one side, caused by the decreased precision of the
real-time GNSS satellite orbits and clocks, and on the
other side, related to the filter-based processing mode com-
pared to the batch least-squares adjustment used for the
post-processing.

In contrast to differencing two independently estimated
receiver clock parameters, the receiver clock difference
can be directly estimated within a baseline. The idea of
the Real-Time Kinematic (RTK) time transfer was investi-
gated in various studies (Feng and Li, 2010; Sun et al. 2021;
Tu et al. 2021; Xue et al. 2021). Single-differenced observa-
tions were used to directly estimate the between-receiver
clock biases, with optionally fixed ambiguities at the
double-difference level. The high precision requirement on
the satellite orbits is relieved in such a case. The satellite
clocks are eliminated by differencing, with the day bound-
ary problems avoided at the same time. However, similar
to the RTK positioning, the performance of the RTK time
transfer is limited by the baseline length due to the influ-
ences of the atmospheric residuals. The method thus works
better for short baselines. Also, to be mentioned, is that the
differencing of the RTK time transfer is performed on the
observation level, which requires the transfer of raw obser-
vations instead of the satellite-related products in the State-
Space Representation (SSR). This could lead to pressure
on the data transfer. The prediction also becomes difficult
in case of data loss or latency.

Taken into consideration all the advantages and limita-
tions of the methods mentioned above, in this contribution,
a new approach for long-baseline real-time time transfer is
proposed based on the PPP-RTK technique. As first intro-
duced by Wübbena et al. (2005), the PPP-RTK method
combines the advantages of the PPP and the RTK, i.e.,
enabling a fast convergence to high precision while guaran-
teeing a certain level of independence of nearby infrastruc-
ture for the user (Teunissen et al. 2010). In this study, the
proposed PPP-RTK time transfer method is based on the
Undifferenced and Uncombined (UDUC) model. The
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UDUC model is advantageous in the sense that it can be
strengthened by applying spatial or temporal constraints
to the parameters that otherwise could be eliminated
through differencing or combination. The model is also free
to be extended to an arbitrary number of frequencies
(Odijk et al. 2015). Compared to the PPP (or IPPP) meth-
ods, it does not rely on high-sampling and high-precision
satellite clocks from external sources, but produces the
satellite clocks and phase biases within its own regional
network processing. It estimates the Zenith Tropospheric
Delays (ZTDs) and ionospheric delays within the observa-
tion model, so that it is not limited to short baselines when
applying the so-called ionosphere-float model (Odijk et al.
2015). The network delivers the users with satellite-related
products instead of raw observations, which eases data
transfer and the need for short-term predictions. By adding
a time link in the hardware biases, the estimable receiver
clock could formally get rid of the time-varying receiver
code bias (will be addressed in Section 2). This could be
beneficial to users when the variation of the receiver hard-
ware biases strongly influences the time-transfer results.

In this contribution, the frequency instability of the
long-baseline time transfer is investigated in the real-time
mode using a large-scale regional network tracking real
GPS and Galileo signals. The time transfer results are stud-
ied for the cases in which the user coordinates are known
and considered fixed, or estimated in static and kinematic
modes. A method to combine the receiver clock differences
processed based on multi-constellation signals is intro-
duced. The frequency instability of the combined PPP-
RTK between-receiver clock is analyzed for two long links
of 800–1000 km connecting stations equipped with Hydro-
gen Masers (H-Masers). In addition to this, the conver-
gence time of the clock residuals is another issue of
concern for real-time users. In this study, the convergence
time is not only discussed for different estimation modes
using real GNSS signals, the investigation is extended for
possible low Earth orbit (LEO) augmentation in the future.
In recent years, LEO satellites have been frequently dis-
cussed for augmenting the PNT service due to their numer-
ous advantages with their lower orbital heights (Reid et al.
2018; Wang et al. 2022a). With their higher speed and more
rapid geometry change for ground users, the convergence
time is found to be significantly shortened for the PPP
(Li et al. 2019) and the PPP-RTK positioning (Wang
et al. 2022a). In this contribution, with the registered con-
figuration of the navigation-oriented LEO satellite constel-
lation, CentiSpace, of 150 satellites (Yang 2019; Wang
et al. 2022a), the benefits of the LEO augmentation are dis-
cussed for the convergence time of the PPP-RTK timing.

The paper starts with a short introduction of the UDUC
PPP-RTK model of the network and the user parts. This is
followed by the description of the measurement setup. The
section concerning testing results is split into three parts,
i.e., i) the multi-constellation combined clocks; ii) the fre-
quency instability; and iii) the convergence time with an
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extension of the LEO augmentation. Conclusions are given
at the end of the paper.

2. Processing strategy

The UDUC model does not attempt to eliminate
unknown parameters by differencing or combination, but
keeps them all in the observation model. To avoid the sin-
gularities among the parameters, the S-system theory
(Baara 1981; Teunissen 1985) is used, with a set of S-
basis parameters not estimated and new estimable parame-
ters reformed. According to the temporal and spatial mod-
els applied to the parameters, the formulation of the
parameters could vary under different conditions (Odijk
et al. 2015). In this contribution, the parameter formula-
tion is discussed for the ionosphere-float model with all
the satellite and receiver hardware biases considered linked
in time. The processing models for the network and user
parts are introduced in the following two sub-sections.
The forms of the estimated user receiver clocks and their
differences will be discussed in Section 2.2.

2.1. Network processing

With corrections like the hydrostatic tropospheric delay,
the receiver and satellite antenna Phase Center Offsets
(PCOs) and Phase Center Variations (PCVs), their antenna
sensor offsets, the phase windups, the relativistic effects,
and the solid Earth tides considered in the Observed-
minus-Computed (OAC) terms, the phase (Dus

r;j) and code

(Dpsr;j) OAC terms can be formulated as follows, using the

parameters in their original forms:

E Dus
r;j

� �
¼ gsrDsr þ dtr � dts � lji

s
r þ dr;j;g � ds;j

þ kjN s
r;j ð1Þ

E Dpsr;j
� �

¼ gsrDsr þ dtr � dts þ lji
s
r þ dr;j;g � ds

;j ð2Þ
where the subscripts r and g denote receiver r and con-

stellation g, respectively. The satellite number s is counted
among all the used constellations, and j refers to the j-th
frequency used for the relevant constellation. E �ð Þ denotes
the expectation of the contents contained in �ð Þ. The wet
part of the ZTD is mapped with the Ifadis mapping func-
tion gsr (Ifadis 1986) into the Line-Of-Sight (LOS) direc-
tion. The receiver and satellite clock biases are denoted
with dtr and dts expressed as distances, respectively. The
L1 ionospheric delay isr is multiplied with the dispersive fac-

tor lj ¼ f 2
1=f

2
j for frequency f j. The receiver hardware

biases distinguish between phase dr;j;g
�

) and code (dr;j;g)

measurements. The same also applies to the satellite hard-
ware biases for phase (ds;j) and code (ds

;j). The integer ambi-

guity Ns
r;j is multiplied with the wavelength kj on the

corresponding frequency. The network station coordinates
are fixed to their known ground truths post-processed in
daily batch least-squares adjustment.
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As mentioned before, the parameters in Eqs. (1) and (2)
need to be reformed to avoid singularities. The re-formed
parameters are denoted with a tilde sign above the symbols
as follows, except for the ZTD Dsr that keeps its original
form, such that:

E Dus
r;j

� �
¼ gsrDsr þ detr;g � dets � ljeisr þ edr;j;g � eds

;j

þ kj eN s

r;j ð3Þ
E Dpsr;j
� �

¼ gsrDsr þ detr;g � dets þ ljeisr þ ed r;j;g � ed s

;j ð4Þ
With all the hardware biases assumed to be linked in

time, the S-basis parameters are selected as dt1 tið Þ,
d1;j;g t1ð Þ, d1;j;g t1ð Þ, Ns

1;j tið Þ, N 1
r;j;g tið Þ, dr–1;j¼1;2;g t1ð Þ,

ds
;j¼1;2 t1ð Þ, where the subscript 1 and superscript 1 denote

the reference station and satellite (in the corresponding
constellation g), respectively. ti denotes the time of the i-
th processing epoch.

In Eqs. (3) and (4), the estimable receiver clock bias detr;g
varies for different constellations g, as the between-receiver
ionosphere-free (IF) code bias d1r;IF;g at the first epoch t1 is
lumped into it at epoch i:

detr;g tið Þ ¼ dt1r tið Þ þ d1r;IF;g t1ð Þ ð5Þ

where �ð Þ;IF ¼ l2 �ð Þ;1 � l1 �ð Þ;2
� �

= l2 � l1ð Þ. The forms of

other estimable parameters are formulated as follows
(Odijk et al. 2015; Wang et al. 2021):

dets tið Þ ¼ dts tið Þ þ ds
;IF t1ð Þ � dt1 tið Þ � d1;IF;g t1ð Þ ð6Þ

eisr tið Þ ¼ isr tið Þ þ dr;GF;g t1ð Þ � ds
;GF t1ð Þ ð7Þ

edr;j;g tið Þ ¼ dr;j;g tið Þ � d1;j;g t1ð Þ þ ljd1r;GF;g t1ð Þ
� d1r;IF;g t1ð Þ þ kjN 1

1r;j;g tið Þ ð8Þ
eds

;j tið Þ ¼ ds;j tið Þ þ lj ds
;GF t1ð Þ � d1;GF;g t1ð Þ

� �
� ds

;IF t1ð Þ
þ d1;IF;g t1ð Þ � d1;j;g t1ð Þ � kjN s

1;j tið Þ ð9Þ
ed r;j;g tið Þ ¼ dr;j;g tið Þ � d1;j;g t1ð Þ � d1r;IF;g t1ð Þ

� ljd1r;GF;g t1ð Þ ð10Þ
ed s

;j tið Þ ¼ ds
;j tið Þ � ds

;IF t1ð Þ � ljd
s
;GF t1ð Þ � d1;j;g t1ð Þ

þ d1;IF;g t1ð Þ þ ljd1;GF;g t1ð Þ ð11Þ
eN s

r;j tið Þ ¼ Ns
1r;j tið Þ � N 1

1r;j;g tið Þ ð12Þ
�ð Þ;GF ¼ �ð Þ;2 � �ð Þ;1

� �
= l2 � l1ð Þ

The hardware biases and the ZTDs are separately linked
in time with random-walk processes. The spectral density
parameters are set to 0.0001 m=

ffiffi
s

p
for the ZTDs (Dsr),

the satellite phase (eds

;j) and code biases (ed s

;j). It is set to

0.001 m=
ffiffi
s

p
for the receiver phase (edr;j;g) and code biases

(ed r;j;g). The ambiguities eN s

r;j are constrained as constants

before a cycle slip is detected. The parameters are updated
every epoch with the sequential least-squares adjustment,
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considering the time links mentioned above. The elevation-

dependent weighting function sin2 heð Þ is applied for both
the phase and code observations, with he denoting the ele-
vation angle. The elevation cut-off angle is set to 10
degrees. The zenith-referenced standard deviations for
phase and code are set to 0.003 and 0.3 m, respectively.

With the ambiguity-float network solutions calculated,
it is possible to resolve the double-differenced ambiguitieseN s

r;j to integers. The Least-Squares Ambiguity Decorrela-

tion Adjustment (LAMBDA) method (Teunissen 1993;
1995) is an efficient method for ambiguity resolution, which
reforms the de-correlated ambiguities before searching for
the integers. In this contribution, the Partial Ambiguity
Resolution (PAR) approach (Nardo et al. 2016) is applied
with the LAMBDA method. It allows a sub-set of the
ambiguities to be first resolved when the full set cannot
reach the pre-defined Ambiguity Success Rate (ASR), here
defined as 99.99 % for the network processing. To validate
the resolved ambiguities, a ratio test is performed with the
threshold set to three (Leick 2004; Teunissen and Verhagen
2004), such that:

R1

R2

< 3 ð13Þ

where R1 and R2 are the weighted squared norms of the
ambiguity residuals for the best and the second-best sets of
ambiguity candidates, respectively. In case the ratio test
does not pass, the de-correlated ambiguity is kicked out,
one by one, until the ratio test passes.
2.2. User processing

On the user side, the estimable parameters are trans-
formed consistently with the network part. The phase
(Dus

u;j) and code (Dpsu;j) OAC terms can be expressed as:

E Dus
u;j þ dbet s þ bed s

;j

� �
¼ Gs

u

� �T
Dxu þ gsuDsu þ detu;g

� ljeisu þ edu;j;g þ kj eN s

u;j ð14Þ

E Dpsu;j þ dbet s þ bed s

;j

� �
¼ Gs

u

� �T
Dxu þ gsuDsu þ detu;g

þ ljeisu þ ed u;j;g ð15Þ
where the subscript u denotes the user. Gs

u denotes the
satellite-to-user unit direction vector, and Dxu represents
the user coordinate increment vector upon it’s a-priori val-

ues. The dbet s, bed s

;j and
bed s

;j with a hat above their modified

forms stand for the estimates of the satellite clocks, satellite
phase and code biases, respectively. The satellite code

biases
bed s

;j are only delivered to users when j > 2.

The estimable user receiver clock, the essential parame-
ter to be considered in this study, is formulated as follows:

detu;g tið Þ ¼ dt1u tið Þ þ d1u;IF;g t1ð Þ ð16Þ
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where dt1u tið Þ denotes the epoch-wise clock difference
between the user and the reference network station.
d1u;IF;g t1ð Þ is the first-epoch IF code bias between the user
and the reference network station, for constellation g. By
adding time links for the hardware biases as mentioned
before, the receiver clock has the opportunity to contain
only one epoch of the receiver code bias instead of the
time-varying all-epoch code biases. As such, the estimated
receiver clock here is in this way analytically free from the
time variation of the receiver code bias.

The frequency instability of detu;g tið Þ could be strongly
influenced by the network products, which is to be dis-
cussed in Section 4. This influence can, however, be signif-
icantly reduced when forming the difference between two
user stations u and v:

detuv;g tið Þ ¼ dtuv tið Þ þ duv;IF;g t1ð Þ ð17Þ
As such, the time transfer discussed in this study is per-

formed between two PPP-RTK user stations.

Considering the detuv;g tið Þ of different constellations, a

weighted mean of detuv;g tið Þ, denoted as detuv tið Þ, can be
obtained with:

detuv tið Þ ¼
Xn

g¼1

agdetuv;g tið Þ� � ð18Þ

where n represents the number of constellations. The
weighting coefficients ag fulfill the following condition:

Xn

g¼1

ag ¼ 1 ð19Þ

The formulation of the weighting coefficient ag is to be
discussed later in Section 4.1 with the test results.

As the true clock difference dtuv does not distinguish
between different constellations, based on Eqs. (17) and
(18) can also be reformulated as:

detuv tið Þ ¼ dtuv tið Þ þ
Xn

g¼1

agduv;IF;g t1ð Þ� � ð20Þ

In this way, the estimable receiver clock difference

detuv tið Þ is expected to be the sum of the epoch-wise clock
difference itself dtuv tið Þ and a constant code hardware bias.

Like the network processing, the float ambiguities can
be resolved with the LAMBDA method. With the PAR
enabled, the ASR threshold is set to 99.9 % on the user
side. The threshold for the ratio test is set to three as in
the network processing.

In (near-)real-time applications, the process above can
be summarized as follows. The network processing center
obtains the GNSS observations of network stations in
real-time, calculates the network products, and broadcasts
them to users. The users can then process their time differ-
ences to the reference network station. One of the users is
suggested to be a timing lab. It transmits its time difference
to other users, such that all other users can estimate their
time difference with the timing lab. The processing, of
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course, takes time, but it is very limited compared to the
traditional Integer Ambiguity Resolution (IAR)-enabled
batch least-squares adjustment. The small latency can be
bridged through short-term prediction if near-real-time
products are insufficient for the corresponding application.
Fig. 2. Percentages of the visible satellite numbers (above the elevation
mask angle of 10 degrees) for all test epochs, and all the network and user
stations.
3. Measurement setup

In this study, a Continuously Operating Reference Sta-
tions (CORS) network located in Europe is used for the
PPP-RTK time transfer (see Fig. 1). 15 network stations
(shown in blue) form a network with the largest inter-
station distance amounting to 1441 km. The station PTBB
equipped with an H-Maser (the blue star) serves as the ref-
erence network station. Within the network, three user sta-
tions (the red stars) connected to H-Masers are used to
assess the frequency instability of the PPP-RTK time trans-
fer. The three stations form two long baselines BRUX-
ONSA and WTZR-ONSA, with a length of 884 and
920 km, respectively. All the network and user stations
are equipped with geodetic-grade receivers and antennas.
Details of the two baselines are given in Table 1.

In this contribution, the PPP-RTK time transfer is per-
formed using 30 s GPS observations on L1C, L2W and
Galileo observations on E1C and E5Q from 1 to 7 May
2022. Four network stations do not track signals on the
corresponding Galileo channels, and thus contribute only
to the GPS processing. Within the seven test days, the his-
togram of the used GPS and Galileo satellite numbers
above the elevation mask angle of 10 degrees is illustrated
Fig. 1. Network and user stations used for the PPP-RTK time transfer.

Table 1
Information on the two baselines used for the PPP-RTK time transfer.

Station Baseline Length (km) Clock Type Location

BRUX BRUX-ONSA 884 External H-Maser Brussels,
ONSA Onsala, SWTZR-ONSA 920
WTZR Bad Koe
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in Fig. 2. It can be observed that most of the time, 8 to 9
GPS satellites are available for processing, while the num-
bers of Galileo satellites are about 5 to 7.

In the network processing, the coordinates of all net-
work stations are fixed to their ground truths that were
post-processed with the Bernese GNSS Software V5.2
(Dach et al. 2015) with daily batch least-squares adjust-
ment. Final satellite clocks and orbits provided by the Cen-
ter for Orbit Determination in Europe (CODE) (Dach
et al. 2020) were used to process the ground-truth coordi-
nates. For the PPP-RTK processing, the real-time GNSS
satellite orbits produced by the National Centre for Space
Studies (CNES) in France (Kazmierski et al. 2018) are
used. No external satellite clocks were introduced in the
processing.

4. Test results

In this section, the results of the real-time time transfer
are discussed for the two long baselines as mentioned in the
last section, i.e., the 884 km baseline BRUX-ONSA, and
the 920 km baseline WTZR-ONSA. The analysis distin-
guishes between three user estimation modes:

� Fixed mode: The ground-truth user coordinates are
introduced into the user processing as known values,
i.e., Dxu is not estimated in Eqs. (14) and (15);

� Static mode: The user coordinates increment vector Dxu
is estimated, but constrained as constant in time.
Receiver Type Antenna Type

Belgium SEPT POLARX5TR JAVRINGANT_DM SCIS
weden AOAD/M_B OSOD
tzting, Germany LEICA GR50 LEIAR25.R3 LEIT
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� Kinematic mode: The user coordinates increment vector
Dxu is estimated independently at each epoch, without
any temporal constraint.

The three estimation modes above are indexed with
‘‘FX”, ‘‘ST” and ‘‘KN”, respectively. As the user coordi-
nates, especially the height component, are highly corre-
lated with the receiver clocks, the user coordinate
estimation mode influences both the convergence of the
real-time time transfer and the frequency instability after
convergence.

In addition to the different user coordinate estimation
modes, the test results discussed in this section also distin-
guish between the PAR-enabled and the ambiguity-float
solutions, for both the network and the users. Table 2 sum-
marizes all the estimation modes regarding the user coordi-
nate estimation and ambiguity resolution, with their indices
given in the first column.

In the following sub-section, the time transfer results of
the two long baselines (BRUX-ONSA and WTZR-ONSA)
are first discussed before and after forming the between-
receiver clock differences, and before and after combining
the multi-constellation clocks. The discussions continue
next with respect to their stabilities and the convergence
times for all the solution types, as mentioned in Table 2.
Table 2
Indices for different user coordinate estimation modes and ambiguity
resolution strategies.

Index Network Ambiguity Resolution User Ambiguity Resolution

Nf-Uf Float Float
Nf-Ux Float PAR-enabled
Nx-Uf PAR-enabled Float
Nx-Ux PAR-enabled PAR-enabled

User Coordinate Estimation Mode

FX User coordinates fixed to known values
ST User coordinates estimated statically
KN User coordinates estimated kinematically

Fig. 3. The 7-day GPS clock residuals dbet u;G (Eq. (16)) (left) and dbet uv;G (Eq. (1
‘‘ST” options (see Table 2) are used for the plots.

1368
4.1. Frequency instability of multi-constellation clocks

The network processing is performed continuously from
1 to 7 May 2022, while the user processing starts three
hours later, after the network processing, to allow for its
convergence. The first hour of the user processing was
not used due to its convergence, which will be discussed
in Section 4.3. Each user has 164 h of processing time that
is used for the frequency instability analysis in this section.

As mentioned in Section 2.2, the estimated detu;g tið Þ (Eq.
(16)), denoted as dbet u;g tið Þ, contains the clock difference
between the user and the network reference station in addi-
tion to the between-receiver IF code bias at the initial time
t1. Although the network reference station PTBB is also
connected to an external H-Maser like the user stations,

the calculated dbet u;g tið Þ is affected by the network products
and does not reflect the good frequency stability of the
involved clocks. The influences, however, can be largely

reduced by differencing dbet u;g tið Þ with that of another user

station, e.g. dbet v;g tið Þ, producing the time difference between

the user baselines dbet uv;g tið Þ. This is illustrated in Fig. 3. In

this figure, the 7-day GPS clock residuals of dbet u;G (Eq.

(16)) and dbet uv;G (Eq. (17)) are shown in the left and right
panel, respectively, after detrending with a quadratic poly-
nomial. The subscript G stands for the GPS constellation.
The first processing hour is not considered due to the solu-
tion convergence as mentioned before. Note that both the
GPS and Galileo measurements are considered in the pro-
cessing, but only the GPS clocks are shown in the figures.
The ambiguity-float solutions are used at both the network
and the user sides (the ‘‘Nf-Uf” option in Table 2), and the
user static coordinates are estimated (the ‘‘ST‘‘ option in
Table 2). It can be seen that the common systematic effects
are largely reduced by forming the between-receiver differ-
ences. The 7-day standard deviations (STDs) of the clock
residuals amount to about 0.20 ns, 0.17 ns, and 0.18 ns
for the three station pairs in the left panel of Fig. 3. They
are reduced to 0.07 ns and 0.11 ns for the two station pairs
in the right panel of Fig. 3 after the differencing, i.e., form-
7)) (right) after detrending a quadratic polynomial. The ‘‘Nf-Uf” and the
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ing dbet uv;G using the dbet u;G and dbet v;G.
It is noted that the 7-day STDs of the detrended clocks

are larger than the daily STDs due to the remaining long-
term systematic effects. The averaged 24 h STDs of the

clock residuals for dbet uv;G amount to about 0.03 ns and
0.07 ns, respectively, for the baselines BRUX-ONSA and
WTZR-ONSA. The 24 h clock residuals from 4:00 (GPST),
1 May 2022 to 4:00, 2 May 2022, are shown in Fig. 4 as a
representative example.

The GPS clock dbet uv;G is not the only option when multi-
constellation measurements are processed. As mentioned in
Section 2.2, a GPS/Galileo-combined solution can be gen-
erated by giving the clocks of each constellation a proper
weight. As true clocks (error-free clocks) do not vary with
the constellation, only the first-epoch between-receiver IF
code biases are constellation-specific and will be reformed.
To determine the weighting factors, the coefficient ag in Eq.
(18) needs to be first determined to possibly reduce the
Modified Allan Deviation (MDEV) (Allan and Barnes
Fig. 4. The 24 h GPS clock residuals dbet uv;G (Eq. (17)) after detrending
with a quadratic polynomial. The ‘‘Nf-Uf” and the ‘‘ST” options (see
Table 2) are used for the plots.

Fig. 5. The detrended 7-day residuals (left) and MDEVs (right) of the betwee
GPS/Galileo-combined (GE) cases. The ‘‘Nf-Uf” and the ‘‘ST” options (see T
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1981) at a certain averaging time s0ð ). ag is expected to
minimize the following term:

r2
s0;GE ¼ a2Gr

2
s0;G þ a2Er

2
s0;E ! min ð21Þ

where rs0;g (g ¼ G; E) denotes the MDEV of dbet uv;g tið Þ at
an averaging time of s0, and rs0;GE denotes the correspond-

ing MDEV of the combined clocks dbet uv tið Þ. The subscripts
G and E stand for the GPS and Galileo constellation,
respectively. Based on the condition that aG þ aE ¼ 1 (see
Eq. (19)), and assuming that k ¼ r2

s0;E=r
2
s0;G, Eq. (21) can

be reformulated as:

r2
s0;GE ¼ a

2

G
r2
s0;G þ a2Er

2
s0;E ¼ a2Gr

2
s0;G þ 1� aGð Þ2kr2

s0;G

¼ k þ 1ð Þa2G � 2kaG þ k
� �

r2
s0;G ð22Þ

To minimize r2
s0;GE, for 0 < aG < 1, aG can be expressed

as:

aG ¼ k
k þ 1

ð23Þ

Correspondingly, the Galileo-specific coefficient aE will
equal to 1= k þ 1ð Þ. As such, in this study, the weighting
coefficients are formed based on rs0;G and rs0;E, instead of
employing external knowledge of the GNSS signal
properties.

Taking s0 ¼ 30 s as an example, the 7-day single and
multi-constellation clock residuals and their corresponding
MDEVs are plotted in Fig. 5 for the 884 km baseline
BRUX-ONSA with the ‘‘Nf-Uf” and the ‘‘ST” processing
options (see Table 2). The MDEV at s0 ¼ 30 s amounts

to 2.8 �10�13 and 2.1 �10�13 for the GPS and Galileo
clocks, respectively. The weighting factor ag thus equals
to about 0.43 and 0.57 for GPS and Galileo, respectively,
based on Eq. (21–23). It can be seen that combining the
single-constellation clocks has reduced the STD by around
0.01 to 0.02 ns. The combined MDEVs (see the green line
in the right panel of Fig. 5) generally also approach the
lower Galileo-only MDEVs (shown in blue) in short to
mid-term, and the lower GPS-only MDEVs (black) after

104 s.
n-receiver clocks for baseline BRUX-ONSA in GPS (G), Galileo (E) and
able 2) are used for the plots.



Fig. 6. MDEVs of the between-receiver clocks for the 884 km baseline BRUX-ONSA (left) and the 920 km baseline WTZR-ONSA (right) in GPS (G),
Galileo (E) and GPS/Galileo-combined (GE) cases. The ‘‘Nf-Uf” and the ‘‘ST” options (see Table 2) are used for the plots.
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Changing the averaging time s0 would influence the
combined MDEVs. Fig. 6 shows the MDEVs of differently

combined clock differences (dbet uv) when determining the
weighting coefficients by setting s0 to different values.
The green lines with s0 ¼ 30 s delivers an MDEV of

1:7� 10�13 at an averaging time of 30 s for the 884 km

baseline BRUX-ONSA, and an MDEV of 3:5� 10�13 for
the 920 km baseline WTZR-ONSA. The yellow lines with

s0 ¼ 100800 s deliver an MDEV of 4:3� 10�16 at an aver-
aging time of 100800 s for BRUX-ONSA, and an MDEV

of 1� 10�15 for WTZR-ONSA. The combined MDEVs
are not always lower than the single MDEVs, as the

dbet uv;g is not purely white phase noise, and are not uncorre-
lated between the two constellations. However, the com-
bined MDEVs are near to or below the lower MDEV of
the two at different averaging times. In general, a proper
combination of multi-constellation clocks would deliver
improved frequency stability.

The weighting coefficients and the 7-day STDs of the
detrended between-receiver clocks are listed in Table 3
for the two investigated baselines. The combined STDs
are reduced compared to the single-constellation cases,
and do not vary much for different s0: In general, they
slowly reach their minimum values when s0 is set to long
averaging times, i.e., with an STD of about 0.056 ns for
the 884 km baseline BRUX-ONSA and 0.089 ns for the
Table 3
Weighting coefficients and 7-day STDs of the detrended between-receiver clock
cases. The values apply to the ‘‘Nf-Uf” and the ‘‘ST” options (see Table 2).

Constellation s0(s) BRUX-ONSA (884 km)

aG aE

G None 1 0
E 0 1
GE 30 0.43 0.57

300 0.27 0.73
3000 0.47 0.53
30,000 0.58 0.42
100,800 0.56 0.44
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920 km baseline WTZR-ONSA, respectively. In the follow-
ing contexts, the GPS/Galileo-combined clock difference

dbet uv with s0 set to 100800 s are analyzed for the two
baselines.

4.2. Frequency instability of the PPP-RTK time transfer

In the last sub-section, the ‘‘Nf-Uf” and the ‘‘ST”
options (see Table 2) were used to demonstrate the benefits
of combining the GPS with Galileo clocks. Other estima-
tion modes with respect to the user coordinate estimation
and the ambiguity resolution would lead to differences in
the frequency instability.

The MDEVs of the dbet uv under different estimation
modes are illustrated in Fig. 7 for the two baselines. The
ambiguity-float network products are used (the ‘‘Nf”
option) for the plots, as using the PAR-enabled network
products (the ‘‘Nx” option) delivers very similar results.
The MDEVs and the selected averaging times are listed
in Table 4 for the ‘‘Nf-Uf” option under the fixed, static
and kinematic estimation modes. From Fig. 7 and Table 4
it can be observed that:

� When excluding the first hour due to the solution con-
vergence, the frequency instability of the fixed mode
(i.e., the ‘‘FX” option) is similar to that of the static
mode (the ‘‘ST” option);
s for the two test baselines in the GPS, Galileo and GPS/Galileo-combined

WTZR-ONSA (920 km)

STD (ns) aG aE STD (ns)

0.069 1 0 0.109
0.074 0 1 0.122
0.057 0.47 0.52 0.090
0.061 0.36 0.64 0.094
0.057 0.47 0.53 0.090
0.056 0.47 0.53 0.090
0.056 0.57 0.43 0.089



Fig. 7. MDEVs of the 884 km baseline BRUX-ONSA (left) and the 920 km baseline WTZR-ONSA (right) under different estimation modes.

Table 4
MDEVs of the between-receiver clocks for the baselines BRUX-ONSA and WTZR-ONSA under the ‘‘Nf-Uf” option for the fixed (‘‘FX”), static (‘‘ST”)
and kinematic (‘‘KN”) modes.

Averaging Time (s) BRUX-ONSA (884 km) WTZR-ONSA (920 km)

FX ST KN FX ST KN

30 1:9� 10�13 1:8� 10�13 6:5� 10�13 3:5� 10�13 3:5� 10�13 9:2� 10�13

90 6:7� 10�14 6:5� 10�14 1:6� 10�13 9:4� 10�14 9:4� 10�14 2:4� 10�13

990 (� 103) 1:2� 10�14 1:2� 10�14 2:5� 10�14 1:6� 10�14 1:6� 10�14 3:7� 10�14

9900 (� 104) 3:8� 10�15 3:8� 10�15 8:3� 10�15 7:1� 10�15 7:1� 10�15 9:7� 10�15

100,800 (� 105) 3:7� 10�16 4:3� 10�16 8:0� 10�16 1:0� 10�15 1:0� 10�15 1:2� 10�15
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� The kinematic mode (the ‘‘KN” option) delivers a worse
frequency stability than the fixed and static modes, espe-
cially in the short term. This is caused by the high corre-
lation between the receiver clock estimates and the
kinematic height components;

� The PAR at the user processing did not improve the fre-
quency stability in our tests, especially in short- to mid-
term. This will be discussed later in this section;

� In general, the GPS and Galileo-combined clocks can

reach an MDEV at the level of sub-10�15 to 10�15 at

an averaging time of about 105 s in all the tested estima-
tion modes, for both baselines, and in both the
Fig. 8. Detrended clock residuals of dbet uv in the static mode with the
ambiguities remaining float (the ‘‘Uf” option) and with the PAR enabled.
The baseline WTZR-ONSA is used for the plot.

1371
ambiguity-float and PAR-enabled cases. The kinematic
mode generally delivers a worse short- to mid-term fre-
quency stability compared to the fixed and static modes.

Having a closer look at the ambiguity-float and PAR-

enabled detrended clock residuals of dbet uv in the static mode
as an example (see Fig. 8), it can be observed that the PAR-
enabled solutions are not advantageous in maintaining
short- to mid-term frequency stability. The number of
resolved ambiguities in PAR could vary from one epoch
to the next, and possible wrong ambiguity resolution could
lead to instabilities.

The 7-day STDs of the detrended clock residuals under
different estimation modes are listed in Table 5. It can be
seen that the STDs of the PAR-enabled solutions are sim-
ilar to those of the float solutions, with slight degradations.
In general, an STD of 0.05 ns to 0.1 ns can be expected for
the static and fixed modes over 7 days, and the STDs in the
kinematic mode are around 0.1 ns.
Table 5
7-day STDs of the detrended clock residuals after convergence under
different estimation modes.

Estimation mode BRUX-ONSA (884 km) WTZR-ONSA (920 km)

Nf (ns) Nx (ns) Nf (ns) Nx (ns)

Uf, FX 0.053 0.053 0.088 0.091
Ux, FX 0.056 0.055 0.092 0.096
Uf, ST 0.056 0.057 0.089 0.091
Ux, ST 0.059 0.059 0.095 0.096
Uf, KN 0.092 0.096 0.120 0.122
Ux, KN 0.104 0.103 0.126 0.129



Table 6
Median convergence times of the clock residuals for the 884 km baseline
BRUX-ONSA and the 920 km baseline WTZR-ONSA to 1 ns, 0.5 ns and
0.3 ns. The estimation modes in the first column are described in Table 2.

Estimation mode 884 km BRUX – ONSA

(min)

920 km WTZR – ONSA

(min)

1 ns 0.5 ns 0.3 ns 1 ns 0.5 ns 0.3 ns

Nf-Uf, FX 0.5 1.0 1.0 0.5 1.0 3.5
Nf-Ux, FX 0.5 0.5 2.0 0.5 1.0 3.0
Nf-Uf, ST 1.5 2.5 4.0 2.0 5.5 10.0
Nf-Ux, ST 1.5 2.5 3.5 2.0 5.5 14.5
Nf-Uf, KN 1.5 2.5 11.5 2.0 11.0 15.0
Nf-Ux, KN 1.5 2.5 9.5 2.0 11.0 15.0
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4.3. Convergence time

For real-time time transfer, the solution convergence
time to high precision is an issue to be concerned about,
especially for kinematic users that might need to re-
initialize the user processing frequently. In this section,
the behaviors of the first-hour GPS/Galileo-combined

clocks dbet uv are analyzed in detail. A quadratic polynomial

is determined based on the dbet uv from the second to the 24-
th hour after each processing start and used for the
detrending. The polynomial is, in such a case, not influ-
enced by the bad precision during the convergence. The

first-hour dbet uv are then detrended with this polynomial.
The starting time is shifted by 6 h in each round of the pro-
cessing, delivering 24 samples of convergence lines based
on the method mentioned above.

The left panel of Fig. 9 shows the median absolute clock
residuals, i.e., the 50 % percentile lines, of the BRUX-
ONSA baseline within the first processing hour under dif-
ferent estimation modes. It can be seen that the different
estimation modes lead to differences in the solution conver-
gence times. The fixed mode (‘‘FX”) performs the best with
almost instantaneous convergence to 0.5 ns, and only a few
minutes to converge to 0.3 ns (shown as blue and black
lines in the figure). The static mode (‘‘ST”) performs better
than the kinematic mode (‘‘KN”). It takes not more than
4 min to converge to 0.3 ns in the static mode (green and
cyan lines), while the corresponding convergence time is
extended to about 10 min in the kinematic mode (red and
magenta lines).

From the left panel of Fig. 9, it can be seen that the
PAR-enabled clocks (‘‘Ux”) do not show quicker conver-
gence than the ambiguity-float clocks (‘‘Uf”). This is possi-
bly caused by the relatively low fix rate, as shown in the
right panel of Fig. 9. The fix rate is calculated by dividing
the number of the fixed de-correlated ambiguities by the
total number of the de-correlated ambiguities using the
LAMBDA method. With the threshold for the ratio test
set to three as mentioned before, the fix rate in the right
panel of Fig. 9 is shown to be around 20 % to 30 %. Setting
lower thresholds in the ratio test. Not using the ratio test
Fig. 9. The median absolute clock residuals of dbet uv after the detrending for the
different estimation modes (right).
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would deliver a higher fix rate in the PAR, but could result
in more wrongly fixed ambiguities as well. Compared with
the user coordinates processing mode, the wrongly fixed
ambiguities and the changing number of the fixed ambigu-
ities between subsequent epochs could more significantly
disturb the frequency stability of their highly correlated
clock parameters. As the frequency stability of the esti-
mated between-station clocks matters more than the clock
accuracies in the MDEVs, based on the results in this con-
tribution, the ambiguity-float solutions could be a ‘‘safer”
solution for the filter-based long-baseline time transfer in
real time.

The median convergence times to 1 ns, 0.5 ns and 0.3 ns
are given in Table 6 for both baselines. The estimation
mode becomes a determining factor for the convergence
time. In general, for all estimation modes and both baseli-
nes, the clock residuals can converge to 1 ns within 2 min.
The clock residuals in the fixed mode can converge to 0.3 ns
within a few minutes, while in the kinematic mode the con-
vergence time is around 10 to 15 min.
4.3.1. Convergence time with the LEO-augmentation

As mentioned in the introduction, the rapid geometry
change brought by the LEO satellites is beneficial to accel-
erating the convergence time of the PPP-RTK time trans-
fer. In this sub-section, using the planned configuration
of the navigation-oriented LEO satellite constellation
CentiSpace, the convergence of the time transfer is ana-
baseline BRUX-ONSA (left), and the average ambiguity fixing rate under



Table 7
Orbital characteristics of the LEO satellite constellation CentiSpace.

Layer Number Orbital Plan Orbital height (km) Inclination (�)

A 120 12 975 55
B 30 3 1100 87.4

Fig. 10. The satellite configuration of the CentiSpace constellation. The
yellow and magenta trajectories correspond to Layers A and B in Table 7,
respectively.

Fig. 11. Median convergence times of the absolute clock residuals without a
BRUX-ONSA in (top left) the fixed mode, (top right) the static mode, and (b
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lyzed for the two baselines under the fixed, the static and
the kinematic modes.

The CentiSpace constellation has registered in the Inter-
national Telecommunication Union (ITU) two layers of
LEO satellites, as given in Table 7 (ITU 2022; Wang
et al. 2022a). GNSS-interoperable signals are planned to
be transmitted on the L1 and L5 frequencies. All satellites
are assumed to have circular orbits, i.e., with an eccentric-
ity of zero. The configuration of CentiSpace is illustrated in
Fig. 10.

Based on the LEO satellite geometry described above,
and since the constellation is under development, the
OAC terms of the LEO satellites are simulated considering
the following errors:

� Orbital errors The real-time orbital errors at sub-dm to
dm-level. Based on the behaviors of the 30 min orbital
prediction errors of the 800 km LEO satellite Sentinel-
3B (Wang et al. 2022b), sinusoidal waves are simulated
in the radial, along-track and cross-track directions for
the LEO satellites in this study with an RMSE of
2.3 cm, 6.9 cm and 2.1 cm, respectively. A random phase
shift is set in the sinusoidal waves for each satellite in
each direction to distinguish the orbital errors of differ-
ent satellites.

� The wet tropospheric delays The ZTDs are estimated in
the PPP-RTK network processing using the GPS/Gali-
leo real data for all the involved stations. The ZTDs
obtained after one hour of convergence are mapped into
the LOS direction with the Ifadis mapping function and
used in the simulations.
nd with the LEO-augmentation of GNSS observations for the baseline
ottom) the kinematic mode.



Table 8
Median convergence times of the absolute clock residuals without and with the LEO-augmentation of GNSS, separated by the sign ‘‘/”. The estimation
modes in the first column are described in Table 2.

Estimation mode 884 km BRUX – ONSA (min) 920 km WTZR – ONSA (min)

1 ns 0.5 ns 0.3 ns 1 ns 0.5 ns 0.3 ns

Nf-Uf, FX 0.5/0.5 1.0/0.5 1.0/0.5 0.5/0.5 1.0/0.5 3.5/0.5
Nf-Ux, FX 0.5/0.5 0.5/0.5 2.0/0.5 0.5/0.5 1.0/0.5 3.0/0.5
Nf-Uf, ST 1.5/0.5 2.5/1.0 4.0/2.0 2.0/0.5 5.5/1.0 10.0/3.0
Nf-Ux, ST 1.5/0.5 2.5/2.0 3.5/3.0 2.0/0.5 5.5/1.0 14.5/3.5
Nf-Uf, KN 1.5/0.5 2.5/1.0 11.5/2.0 2.0/0.5 11.0/1.5 15.0/2.5
Nf-Ux, KN 1.5/0.5 2.5/1.0 9.5/3.0 2.0/0.5 11.0/1.5 15.0/3.5
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� The hardware biases The satellite phase and code hard-
ware biases are simulated for each satellite separately
as random-walk processes with a spectral density
parameter of 0.0001 m=

ffiffi
s

p
. Correspondingly, the recei-

ver phase and code biases are simulated with a spectral
density parameter of 0.001 m=

ffiffi
s

p
.

� The noise The phase and code noise are simulated with a
zenith-referenced standard deviation of 0.002 m/s and
0.2 m/s and the elevation-dependent weighting function

sin2 heð Þ.

The satellite/receiver clock errors and the ionospheric
delays are independently estimated for LEO satellites with-
out applying any temporal models. Their values are thus
not of concern and set to zeros in the simulations. Note
that the LEO receiver clocks are estimated but not used
to combine the multi-constellation between-receiver clock

dbet uv (Eq. (18)). The elevation mask angle for LEO satellites
is lowered to 5 degrees, as the LEO satellite signals are
expected to have nearly whitened multipath due to the fas-
ter satellite speed and the capability to better penetrate
obstacles due to their stronger signal strength.

Fig. 11 shows the median convergence times of the abso-
lute clock residuals when detrending the 24 h clocks as
explained in Section 4.3, without and with LEO-
augmentation. It can be observed that the LEO-
augmentation of GNSS (GPS + Galileo) satellites has
shortened the convergence times, especially in the kine-
matic mode (bottom panel). The convergence times with
and without the LEO-augmentation are also listed in
Table 8. With the LEO-augmentation, the clock residuals
can converge to 1 ns within 30 s, i.e., in one epoch, for
all the three estimation modes; and the convergence time
to 0.3 ns is within 3.5 min for all estimation modes. For
the fixed mode, it takes only one epoch (30 s) to converge
to 0.3 ns. In contrast to the significant differences between
the convergence times in the kinematic and static/fixed
modes without the LEO-augmentation, adding the LEO
satellites makes the convergence time similar in all the esti-
mation modes. In other words, the convergence time with
the LEO-augmentation is less sensitive to the original esti-
mation modes.
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5. Conclusions

High-precision time transfer has been discussed for dec-
ades using various methods. Frequency instability at the

sub-10�16 level can be achieved over one week when using
the IPPP method, provided that high-precision final orbital
and clock corrections can be input in the post-processed
batch least-squares adjustment. For real-time time transfer,
short-baseline users can also rely on the RTK time transfer.
It relieves the high requirements of the external high-
precision orbits and clocks, but has limits on the time
transfer performance when the baseline length exceeds a
certain threshold, e.g., hundreds of kilometers.

PPP-RTK combines the advantages of PPP and RTK.
The advantages have positively influenced the real-time
positioning over tens of years. Similarly, it can exhibit
advantages in the real-time time transfer. In this study,
using a thousand-kilometer-scale network in Europe, the
PPP-RTK method is tested for real-time long-baseline time
transfer. By delivering the satellite clocks and phase biases
produced by a regional network, the users separated by
nearly a thousand kilometers away can estimate their recei-
ver clocks. The time transfer, in the end, is realized through
differencing of the estimable clock parameters between two
PPP-RTK users.

Using dual-frequency GPS and Galileo signals, the time
transfer is tested for the 884 km baseline BRUX-ONSA,
and the 920 km baseline WTZR-ONSA based on a real-
time filter. An algorithm was introduced to combine the
multi-constellation clock estimates to achieve better fre-
quency stability. The estimation is performed in the station
fixed, static and kinematic processing modes. The results
showed that in the fixed and static modes, the MDEV at

an averaging time of about 105 s can reach the level of

sub-10�15 to 10�15. Under the kinematic mode, the MDEV

is worse in the short term, but can also reach around 10�15

at an averaging time of about 105 s. The convergence times
show a strong dependence on the estimation modes, with
the fixed mode behaving the best, the static mode the sec-
ond best, and the kinematic mode the worst. For the
GPS and Galileo combined clocks, it takes not more than
2 min to converge to 1 ns, and not more than 15 min to
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converge to 0.3 ns in all the three estimation modes. An
extension analysis for the convergence time was performed
when adding the 150 LEO satellites based on the CentiS-
pace configuration. The LEO-augmentation is found to
be able to accelerate the convergence of the GNSS-based
between-station clock residuals, especially in the kinematic
mode. In such a case, the clock residuals can converge to
1 ns and 0.3 ns within 30 s and 3.5 min, respectively, for
all the three estimation modes.

For applications of the proposed method in real life,
some challenges still exist. The UDUC PPP-RTK model
requires a consistent understanding of the parametrization
at the user side similar to those applied at the network side,
which is different from the traditional IF combination. To
enable a (near-)real-time time transfer, internet-based data
transmission is required at multiple steps, including trans-
mission of the GNSS measurements of the network sta-
tions to a data processing center, transmission of the
network products to users, and transmission of the clock
differences from one user to other users. As a prerequisite
for good results in the proposed time-transfer method, it
is essential to guarantee complete and continuous data
transmission.
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