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Abstract: With the rapid upgrade of global navigation satellite system (GNSS) single-frequency (SF)
receivers and the increasing market demand for low-cost hardware, SF precise point positioning
(PPP) technology has been widely applied in the time and frequency field. The five-frequency
signals provided by the whole constellation of Galileo bring more opportunities for the application
of SF PPP in time and frequency transfer. In this contribution, using Galileo’s multi-frequency
observations, three SF PPP time and frequency transfer models, i.e., the un-combined (UC) model,
the ionosphere-free-half (IFH) model, and the ionosphere-weighted constraints (IWCs) model are
established. SF PPP time and frequency transfer performance with Galileo E1, E5a, E5b, E5, and
E6 multi-frequency observations is evaluated using four links (947.7 km to 1331.6 km) with five
external high-precision atomic clocks stations. The results show that the time and frequency transfer
performance of SF-UC and SF-IWC is better than that of SF-IFH, and the timing accuracy of SF-UC
and SF-IWC is similar. SF PPP time and transfer performance with E5, E5a, E5b, and E6 signals is
improved compared with traditional E1 signal. Among them, the frequency stability of E5 improves
the most (about 58%), and that of E6 improves the least (about 14%). In addition, the difference in
frequency stability between SF and double-frequency (DF) PPP decreases gradually with an increase
in average time, and the frequency stability difference between SF and DF PPP can reach 2 x 10716 in
120,000 s, indicating that SF PPP has the potential to achieve DF PPP frequency stability. Considering
the possible frequency data loss during actual observation, the cost of the GNSS SF receiver, and
the advantages of Galileo multi-frequency observations, SF PPP can also meet the long-time time
and frequency transfer requirements, and the SF-IWC model based on Galileo E5 observations is
more recommended.
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1. Introduction

In recent decades, the development and modernization of global navigation satellite
systems (GNSSs) have substantially progressed, which has realized interoperability and
multi-frequency signal support [1-5]. The Galileo navigation satellite system (Galileo)
operated by the European Space Agency (ESA) supports the broadcasting of five-frequency
signals, i.e., E1 (1575.42 MHz), E5a (1176.45 MHz), E5b (1207.14 MHz), E5 (1191.795 MHz),
and E6 (1278.75 MHz), throughout the constellation to provide positioning, navigation, and
timing (PNT) services worldwide [6-9].

Relevant scholars have investigated the performance of multi-frequency signals in
time and frequency transfer [10-12]. For instance, Zhang et al. [13] studied the Galileo
E1/Eb5a/E5b/E6 quad-frequency IF PPP time transfer model, proving the similar perfor-
mance of double-, triple- and quad-frequency time transfer; Jin and Su [14] compared
the BDS combined quad-frequency PPP models and demonstrated that multi-frequency
signals could improve PPP performances; and Ge et al. [15] investigated the performance of
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BDS-3/Galileo combined with quad-frequency time transfer and proved that the stability
and accuracy of four-frequency and dual-frequency (DF) time transfer were the same. The
multi-frequency research mentioned above proves that a multi-frequency signal has a slight
advantage over a DF signal in positioning and timing. However, these studies all focus
on the multi-frequency ionosphere-free (IF) combination model and do not involve the
single-frequency (SF) model with a multi-frequency signal. At the same time, with the rapid
upgrade of single-frequency GNSS receivers and the increasing demand for low-cost SF
hardware in the market, many scholars have evaluated the performance of SF PPP [16-25].
For instance, Li et al. [26] compared ionosphere-corrected (IC), ionosphere-free-half (IFH),
and ionosphere-weighted constraint (IWC) SF PPP models from a theoretical and experi-
mental perspective, and proved that the IWC model has advantages over the IC and IF SF
PPP model. Ge et al. [27] evaluated the performance of SF PPP time transfer of multi-GNSS,
proving that the type A uncertainty of SF PPP can reach the sub-nanosecond level, and
the multi-system has obvious advantages in SF time transfer compared with the single
system. Zhao et al. [28] released an open-source multi-system SF PPP data-processing
software SUPREME. Wang et al. [29] used BDS-3 B1I and BI1C signals to carry out the
time and frequency transfer of SF PPP, which proved that B1C has an advantage over B1I
in timing and proved that the time and frequency transfer performance of SF PPP with
ionospheric constraints is better than that of SF un-combined (UC) PPP. It can be found that
the above SF PPP researches all focus on the basic signal SF positioning or timing, and the
performance evaluation of multi-frequency signal in post-time (PT) and real-time (RT) SF
model time and frequency transfer is insufficient.

With the maturity of clock manufacturing technology, rubidium and cesium atomic
clock and even hydrogen atomic clocks have achieved low cost and miniatures (at present,
about 67% of International GNSS Service (IGS) stations are equipped with rubidium, cesium
and hydrogen atomic clocks), and the cost of small rubidium and cesium atomic clocks
are comparable or even lower than that of GNSS receivers. The development of kinematic
positioning and intelligent driving technology also makes the demand for high-precision
and lower-cost timing gradually increase. Considering the lower cost of an SF GNSS
receiver, the potential loss of multi-frequency data during actual observation, the fact
that hardware delay calibration of SF devices is simpler than that of DF devices, and the
fact that the noise coefficient of the SF model is smaller than that of the traditional DF IF
model, the precision time and frequency transfer based on SF observations will have a wide
application prospect. However, current studies on SF PPP time and frequency transfer only
use the basic frequencies (such as the GPS L1 signal, the BDS B1I signal, and the Galileo E1
signal), and research on the time and frequency transfer of the SF PPP model using Galileo
E1, E5a, E5b, E5, and E6 multi-frequency observations is lacking.

Combining the potential of SF time and frequency transfer applications and the real
environment of the rapid development of multi-frequency signals, in this contribution,
we adopt three SF PPP models and systematically assess the performance of the SF PPP
time and frequency transfer of Galileo E1, E5, E5a, E5b, and E6 signals by PT and RT
processing schemes. In Section 2, the SF-UC, SF-IFH, and SE-IWC SF PPP models are
presented. Section 3 introduces the experimental data and its processing strategy, and the
Centre National d’Etudes Spatiales (CNES) GRG final and SSRCOOCNEQ real-time stream
(RTS) precise products are used to compare and analyze the performance of the SF-UC,
SF-IFH, and SF-IWC PPP time and frequency transfer with Galileo E1, E5, E5a, E5b, and E6
signals. Finally, we summarize this work and draw some conclusions.

2. Materials and Methods

In this section, three types of single-frequency PPP time and frequency transfer models
are established based on GNSS original multi-frequency observations, the method to solve
the rank deficiency of the single-frequency PPP model is proposed, and the implementation
flow of single-frequency PPP time and frequency transfer is given.
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2.1. SF-UC PPP Time and Frequency Transfer Model

GNSS original pseudo-range and carrier-phase observations can be expressed as [30,31]:

P (i) = p5(0) + di (i) — db (i) + M3 (i) - ZWD; (i)
oy 154 () + dy i (0) — () + (D)
L3 (i) = p3(i) + dt (i) — d(0) + M3 (i) - ZWD, (i) @

= 4 (0) + A+ (N2 + by (1) = B30)) + E3(0)

where P and L denote pseudo range and carrier-phase observation in meters, respectively; i
represents the epochs; superscript s denotes the satellite pseudo random noises (PRNs);
subscripts ¥ and j denote the rover receiver and frequency identifiers, respectively; for
convenience, the frequency identifiers 1, 2, 3, 4, and 5 in the Galileo system represent E1,
E5a, E5b, E5, and E6 signal frequencies, respectively; p represents the geometric distance
between the satellite and the receiver; c represents the speed of light in a vacuum; dt,
and dt° denote the receiver and satellite clock offsets in meters, respectively; M denotes
the wet mapping function, ZWD denotes the zenith troposphere wet delay (ZWD); I
denotes the slant ionospheric delay; v represents the frequency-dependent ionospheric
delay amplification factors, defined as 7; = )\]2- /A%; ) is the wavelength corresponding to
frequency j; N is the carrier-phase integer ambiguity; d denotes the receiver uncalibrated
code delay (UCD) in meters; b means uncalibrated phase delay (UPD) in cycles; and ¢ and
¢ represent the pseudo-orange and carrier-phase noises, respectively.

Generally, the Galileo precise satellite clock offset released from IGS is referred to
as E1/E5a double-frequency (DF) IF combinations [32,33]. After using the IGS precise
satellite orbit and clock offset products, as well as the satellite differential code bias (DCB)
product [34], the linearized SF-UC PPP model can be expressed as:

p; (1) = W} - xp + dty (i) + M5 (i) - ZWDy (i) + ;- I; 1 (i) + gi(i) 2
() = u - xe +dy (i) + M3 (i) - ZWD, (i) = ;- I, (i) + A - N; (i) + & (i)
with B
dtr(i) = dtr(i) + dr,j(i) 3)
Nj (i) = N3 (i) + by()) — B3 (i) + (diFlz(i) - dw-(i)) /A;

where p and [ are the pseudo-range and carrier-phase observed minus computed (OMC)
values in meters, respectively; u denotes the unit vector of the component from the receiver
to the satellites; x denotes the vector of the receiver position increments; the hat “~” denotes
the reparametrized estimate.

Equation (2) is rank-deficient (the rank defect is 1) due to the strong correlation
between the receiver clock offset, the slant ionosphere delay, and ambiguity. Ning et al. [35]
showed that the receiver clock offset can be constrained in the first epoch to eliminate the
correlation between ambiguity, the slant ionosphere delay, and the receiver clock offset,
which makes the equation full-rank. Then, the full-rank linearized SF-UC PPP for epochs 1
andi(i=2,3,...)can be written as follows [28]:

P2 (1) = wbx, + M5 (1)-ZWD, (1) + 7B, (1) + /(1)

5 1(1) = wix, + M5(1)-ZWD, (1) — 71, (1) + AN (1) + (1)

: 4)
P;,j(i> =u; Xy +‘~1tr(i) + M;(i)- ZWD, (i) + R (i) + g;(l)

5 () = g xy +db (i) + M3 (i)-ZWD, (i) — ;- I (1) + A N3 (i) + gi(0)
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with B
~ 1 =1
dt, (i) = ftr(_)’ _ '

dt, (i) —dt, (1), i>2
By(i) = I, (i) + dt (1) /9y, 021

N:(i) = Ni(i)+2-dt,(1)/A), i>1

©)

where the hat “~” represents parameters to be estimated that are recombined. Hence, the

estimated vector Xsr_y;c in the UC PPP model can be expressed as:

Xep-uc = [ (i) ZWDL(Q) Tyli) NiG) ©

We find that the estimated receiver clock offsets, starting from the second epoch,
involve the receiver clock which offsets the difference between the current epoch and the
first epoch. The estimated slant ionosphere delay and ambiguity are biased by a constant
receiver clock offset at the first epoch. When the receiver clock offset of the first epoch
Etr(l) is accurately known, the model can be used for time transfer. In fact, the receiver
clock offset in the first epoch dt,(1) is often not accurately obtained. The common practice
is to determine it by standard single-point positioning, which gives the result of the time
transfer of the SF-UC PPP model a systematic deviation from the true value, and the SE-UC
PPP model is shown to be more suitable for frequency transfer. It should be noted that if the
coordinates of static time and frequency transfer are accurately known, a priori constraint
can be applied to the coordinates in Equation (4), and the parameters to be estimated in
Equation (6) will not include coordinates x;.

2.2. SF-IWC PPP Time and Frequency Transfer Model

Adding external ionospheric delay constraints can also eliminate the rank deficiency
problem in Equation (2). This research uses the global ionospheric map (GIM) model [36]
with IGS ionospheric products to constrain SE-UC PPP. The linearized SE-IWC PPP model
can be written as follows [37,38]:

p; (1) =W)X +dty (i) + M3 (i) - ZWDy (i) + ;- I, (i) + g;i(i)
() = u; - Xy fdtr(i) + Mi(i) - ZWD, (i) — ;- I, (i) + A5 - N (i) + ORI
I cim (@) = L1 (i) + € 5, (1)

where I, g1y represents the slant ionospheric delay from the GIM model and ¢, ;,,, repre-
sents the noise of the slant ionospheric delay. The GIM product published by the Centre
for Orbit Determination in Europe (CODE) is used in this contribution; its accuracy is
about 2-8 TECU, which is equivalent to 0.32-1.28 m in the Galileo E1 frequency [36]. The

estimated parameter vector Xsr_ ¢ in the SE-IWC PPP model is:

Xse-we =[x dt(i) ZWD/()) () N;(D)] ®)

Considering the accuracy limitation of the GIM products, the virtual ionospheric
observation is given a large weight at the beginning of PPP convergence; its weight is
gradually reduced with an increase in the PPP convergence time. The slant ionospheric
noise variance in the progressive relaxation constraint formula is [16]:

2 2 ;
O (i) =0ppo+a-(i—1)-AT )
where the « represents the change rate of variance; AT represents the sampling interval

of observations in minutes; and 02, o and « are generally set as 0.09 m? and 0.04 m? /min,
respectively [16].
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2.3. SF-IFH PPP Time and Frequency Transfer Model

Since the sign of ionospheric delay in the pseudo-range is the opposite to that in the
carrier-phase observations, the influence of first-order ionospheric delay can be eliminated
according to this characteristic. SF-IFH PPP, by forming the code-phase combination on
the identical frequency, is initially known as the group and phase ionospheric correction
(GRAPHIC). The linearized SF-IFH PPP model can be expressed as [14]:

B (i) = 05+ p3 (i) + 0515 (i)
= wi(i) -+ by (i) + M3() - ZWD; (i) + (10)
0.5-)\j~N]-()+0.5~< i)+ )

with

{ dte (i) = dt, (i) + b, j(i) (11)

NG(0) = N3 (0) + by (1) = b(0) + (5(0) — oy (0)) /g

where h is the code and phase IFH combination OMC value.
Similarly, the receiver clock offset and ambiguity cannot be estimated individually,
which presents a rank deficiency of size one between them. Hence, the tight constraints of

the receiver clock offset at the first epoch are also used in the SF-IFH PPP model, which is
as follows [21]:

B (1) = i % + M3 (1) - ZWD, (1)+
05-A;- N;u) +05- (g1 +¢5(1))
(12)
hy (i) = ug - % +dt,( ) + M:(i) - ZWD, (i)+
0.5 A N2 () +dyj(i) +05- (CH(0) + &) )

b (i) = dt,(1), i=1
At G) —d (1), i>2 (13)

Ni(i) = Nj(i) +2-dt (1) /A, i>1

with

The estimated parameter vector Xgr_ry in the SF-IFH PPP model is:

Xsp—ir = [ k(i) ZWDy (i) N3 (i) (14)

Considering that the carrier-phase noise is much smaller than the pseudo-range, the
noise of the SF-IFH PPP model is about half of the pseudo-range noise. The SF-IFH PPP
model has much higher noise than the SF-UC and SF-IWC PPP models, which will affect
the performance of time and frequency transfer using this model.

2.4. Galileo SF Time and Frequency Transfer Process

A flow chart of SF PPP time and frequency transfer is exhibited in Figure 1. Station
A and B are both connected to the local atomic clock, the local clock inputs 1 PPS, and
10 MHz signals are linked to the GNSS receivers. In this case, GNSS observations contain
the time information of clocks A and B. Based on the Galileo multi-frequency pseudo-range
and carrier-phase observations collected by the GNSS receiver, the related errors can be
accurately corrected by using precision satellite orbit, precision satellite clock offset, satellite
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DCB, earth rotation parameters (ERPs), GIM, and other products. At this time, according
to the SF-PPP algorithm, the receiver clock offset of A and B can be obtained as:

dtg =ta —IRef
15
{ dtB:tB_tRef ( )

where dt4 and dtp are the receiver clock offsets of A and B, respectively; t4 and tp are local
times recorded by clocks A and B, respectively; and tg. is the reference for the precise
satellite clock products from IGS.

N £

Clock A Antenna A Antenna B Clock B
1 PPS l l 1 PPS
» Receiver A Receiver B [«
10 MHz | | 10 MHz
v
Galileo observations of station A and B
: v
Orbit & Error correction and SF-PPP DCB, ERP,
clock offset . . < & GIM, -
model parameter estimation
products | products
v v
dta=ta — tre dts = ts — tref
[ |
v

Atap=dts— dta=ts— ta

Figure 1. Galileo single-frequency (SF) precise point positioning (PPP) time and frequency transfer
flow chart.

The time difference At4p between stations A and B can be written as:
Atyp =ditg —dty =tg—ty (16)

3. Results

In this section, we first introduce the data sources used in the experiment and the
data-processing strategy. Then, we evaluate the number of valid satellites; the time dilution
of precision (TDOP); and the multipath combination (MPC) noise [39,40] of BRUX, CEBR,
HERS, ONSA, and SPTO0. Next, the SE-UC, SF-IFH, and SF-IWC PPP solutions are compared
with the Galileo E1 signal. Then, the time and frequency transfer performances of SF-UC,
SE-IFH, and SF-IWC PPP are evaluated with Galileo multi-frequency signals (E5a, E5b,
E5, and E6). Finally, we select CNES SSRCOOCNEOQ RTS precision products for precise
timing experiments.

3.1. Date Selection and Processing Strategies

The BRUX, CEBR, HERS, ONSA, and SPTO five stations in the multi-GNSS experiment
(MGEX) network are selected from the days of the year (DOYs) 38 to 45 in 2022. The selected
five stations all support Galileo E1, E5a, E5b, E5, and E6 signals, and the sample interval
of observations is 30 s. The selected five stations are all equipped with high-precision
hydrogen atomic clocks, among which BRUX and SPTO are the stations of Observatoire
Royal de Belgique (ORB) and the punctual laboratory of Research Institutes of Sweden
AB (RISE). With BRUX as the center, BRUX-CEBR, BRUX-HERS, BRUX-ONSA, and BRUX-
SPTO links are established. The distribution of the selected stations is shown in Figure 2,
and the basic information of the stations is shown in Table 1.
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Figure 2. Geographical distribution of the stations.

Table 1. List of experimental station information.

Station Receiver Antenna Location
BRUX SEPT POLARX5TR JAVRINGANT_DM Brussels, Belgium
CEBR SEPT POLARX5TR SEPCHOKE_B3E6 Cebreros, Spain
HERS SEPT POLARX5TR LEIAR25.R3 Hailsham, UK
ONSA SEPT POLARX5TR AOAD/M_B Onsala, Sweden
SPTO SEPT POLARX5TR TRM59800.00 Boras, Sweden

The CNES GRG (Groupe De Recherche De Geodesie) final and SSRCOOCNEOQ RTS
precise satellite products are used in this research. Among them, the GIM product provided
by CODE is used in PT SF data processing, and the global ionospheric vertical total electron
content (VTEC) product [41-43] provided by CNES is used in RT SF data processing. The
dry tropospheric delay is corrected by the Saastamoinen model based on global pressure
and temperature (GPT). The wet tropospheric delay is estimated as a random walk process.
To simplify the data-processing process, we carry out equal-weight processing for Galileo
E1, E5a, E5b, E5, and E6 observations. The code and phase observation noises are set to
0.3 m and 3.0 mm, respectively, and elevation-dependent weighting for the observations is
applied. The antenna file generated by IGS is used for correct phase center offset (PCO)
and phase center variation (PCV). For E5a, E5b, E5, and E6 observations, the receiver’s
PCO and PCV corrections for the GPS L2 frequency are used [14]. Considering that the
coordinates during the time and frequency transfer are generally known, and to ignore
the influence of coordinate parameter estimation on SF time and frequency transfer, we
use the coordinate information provided by the IGS SNX weekly solution file to restrict
the coordinate parameters. Table 2 illustrates the processing strategies for SF PPP time and
frequency transfer.

Table 2. Details of processing strategies.

Item Strategy
Observation E1, E5, E5a, E5b, and E6
Elevation cut-off 7°
Orbit and clock CNES GRG final and SSRCOOCNEO RTS products
Satellite DCB CAS products [44]

Earth rotation Corrected [45]
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Table 2. Cont.

Item Strategy
Relativistic effect Corrected [46]
Phase windup Corrected [47]
Tide effect Solid Earth, pole, and ocean tide [45]
PCO/PCV Corrected, using IGS14.atx file
Coordinate Fixed by IGS SNX weekly solution file
Receiver clock Estimated as white noises (10* m?)

SE-UC/SE-IWC: estimated as white noise (10* m?2) [48];
SF-IFH: eliminated by IFH combination
Tropospheric dry delay Saastamoinen model corrected
Estimated as a random walk (10~8 m? /s) withglobal mapping
function (GMF) [49]
Ambiguities Estimated as constants, float solution

Ionospheric

Tropospheric wet delay

3.2. Multi-Frequency Observations Quality Analysis

As shown in Figure 3, the number of satellites in the selected stations is concentrated
between 4 and 10, and the TDOP values are concentrated between 1.0 and 2.0. There are
some noise points in TDOP values of all stations, especially in BRUX and CEBR. We noted
that the number of satellites in CEBR and HERS is sometimes only three, resulting in the
zero-value phenomenon of TDOP. The mean values of satellites at BRUX, CEBR, HERS,
ONAS, and SPTO are 6.8, 6.3, 6.8, 7.2, and 7.1, respectively, and the corresponding mean
values of TDOP are 2.2, 2.5, 2.3, 2.1, and 2.2, respectively. Overall, the data quality of ONSA
is the best, while the data quality of CEBR is slightly worse than the other four stations.

10! F H‘ . ingi
5 4
0 n n n n n n n n n n n n

38 39 40 41 42 43 44 45 38 39 40 41 42 43 44 45
DOY DOY

3

2

1

0

c 3

0 3 2

2 8 g
= a

? s 3

s : -

3 51

S : : : : ; : ao

210} ONS o 3

€ o

5 '_1

0 0

3

2

1

0

Figure 3. The number of satellites (NSats) (left) and the time dilution of precision (TDOP) (right) at
BRUX, CEBR, HERS, ONSA, and SPTO stations on days of the year (DOYs) 38 to 45 in 2022.

The quality of pseudo-range observations is crucial for estimating receiver clock offsets.
To analyze SF PPP time and frequency transfer performance with multi-frequency signals,
the MPC noise of E1, E5a, E5b, E5 and E6 observations on DOYs 38 to 45 in 2022 are studied.
As shown in Figure 4, the MPC noises of each frequency are all within 2.0 m, and
the MPC noises correlate with elevation. E1 and E5b have many noise points, especially
at low elevation angles, which may affect the performance of time and frequency transfer



Remote Sens. 2022, 14, 5371

9o0f21

using those signals. The RMS values of E1, E5a, E5b, E5, and E6 MPC noises in BRUX
are 0.231 m, 0.174 m, 0.194 m, 0.116 m, and 0.188 m respectively; the corresponding RMS
values in CEBR are 0.314 m, 0.296 m, 0.312 m, 0.139 m, and 0.346 m, respectively; the
corresponding RMS values in HERS are 0.252 m, 0.181 m, 0.208 m, 0.132 m, and 0.208 m,
respectively; the corresponding RMS values in ONSA are 0.222 m, 0.185 m, 0.196 m,
0.126 m, and 0.184 m, respectively; and the corresponding RMS values in SPT0 are 0.253 m,
0.174 m, 0.192 m, 0.121 m, and 0.206 m, respectively. By comparison, the MPC noise of each
frequency is relatively close, while the E5 single has a smaller noise, and the E1 single has
the maximum noise.

« E1 =+ E5a + E5b

15 cos | — E5s - €6 90

1 l . e . <75

= 05 = 60
g O 45,3?
905 30 £
[})
c -1 3 n 115 ©
.15 a3 p . 0 %
5 15 ‘ —s : 90 <
5 : i g
QO 1 . - 75 %
£ 05 160 3
a ]

= 0 145

= 05 {30

K 115

_1-5 1 1 In O

Zp 5 75 % 5

DOY

Figure 4. E1, E5a, E5b, E5, and E6 multipath combination (MPC) noises at BRUX.

3.3. Time and Frequency Transfer with Different SF PPP Models and Traditional E1 Signal

To display the results of each model in the same figure, we shift the time difference
in each model and display the translated value in the figure by arrows. In this subsection,
we use the traditional E1 signal for SF PPP time and frequency transfer and provide the
results of the DF-IF PPP model with the E1 and E5a signals. As shown in Figure 5, the
variation trend of clock offsets of SF-UC, SF-IFH and SF-IWC are basically the same. Due
to the receiver clock offset of SF-UC, the SF-IFH and SF-IWC models will absorb different
parameters, resulting in a specific system bias between the SF-UC, SF-IFH, and SE-IWC
models. It should be noted that the clock offset’s interruption of BRUX-CEBR at DOY 39
is caused by the fact that IGS does not provide the receiver clock offset of CEBR on that
day. Compared with DF-IF PPP results, the clock offsets of SF PPP significantly fluctuate,
which indicates that the receiver clock offsets solved by SF PPP models have absorbed some
ionospheric or pseudo-range residual. The noise of SF-IFH is much bigger than that of
SF-UC and SF-IWC, resulting in the noise of SE-IFH clock offsets being bigger than that of
SE-UC and SF-IWC. We note that the clock offsets of the DF-IF have particular jumps at the
daily boundary (for instance, BRUX-CEBR’s DOY 39), which is caused by the IGS satellite
precision orbit and clock offset product. Our strategy of passing ambiguity parameter
information at the day boundary to keep the time and frequency transfer results continuous
also caused daily jumps in the calculated results from the IGS final products.
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Figure 5. Time and frequency transfer results of the SF un-combined (UC) model, the ionospheric-
free-half (IFH) model, the ionospheric-weighting constraint IWC) model, and the double-frequency

(DF) ionospheric-free (IF) PPP solution model with respect to International GNSS Service (IGS)
final products.

Taking the IGS final receiver clock offsets as the reference, we calculate the standard
deviation (STD) of the time and frequency transfer result and use STD as the evaluation
index of class A uncertainty [50,51]. To eliminate the influence of the day boundary effect,
we calculate the STD of each day successively and then calculate the mean value of the
STD of the whole experimental period.

As shown in Table 3, the STD of DF-IF is the smallest, while that of the SF-IFH is the
largest, and SF-UC and SF-IWC are relatively close. Compared with SF-UC, SF-IFH, and
SF-IWC, the STDs of DF-IF are reduced by 71.6%, 48.8%, and 55.4% on average, respectively,
which shows the apparent advantage of dual frequency compared with single frequency.
The mean STDs of SE-UC, SF-IFH, SF-IWC, and DF-IF are 111.8 ps, 142.6 ps, 110.4 ps,
and 31.0 ps, respectively, and the mean STDs of BRUX-CEBR, BRUX-HRES, BRUX-ONSA
and BRUX-SPTO are 117.9 ps, 120.0 ps, 79.2 ps, and 88.9 ps, respectively. The STD of
BRUX-ONSA is the smallest, and that of BRUX-HERS is the largest, which is related
to the best data quality of ONSA and the poor data quality of HERS. Compared with
SF-IFH, the maximum, minimum, and average STDs of SF-UC are decreased by 24.9%,
19.5%, and 21.7%, respectively, and those of SF-IWC are decreased by 24.7%, 21.0%, and
22.6%, respectively.

The Allan deviation (ADEV) [52,53] is used as the stability index of time and frequency
transfer, and the ADEV of the time and frequency transfer is obtained using Stable32
software [54] (www.stable32.com/ (accessed on 23 October 2022)). Figure 6 illustrates the
time and frequency transfer frequency stability of the SF-UC, SF-IFH, SE-IWC, and DF-IF
models at the four links. The DF-IF model is superior to the three SF models in short-term
frequency stability and long-term frequency stability, indicating that dual frequency has
apparent advantages over single frequency in time and frequency transfer. The frequency
stability of SF-UC and SF-IWC is basically the same. We gradually relax the constraints on
ionospheric parameters in SF-IWC, and the SE-IWC model is still dominated by ionospheric
parameter estimation, resulting in no significant influence on the frequency stability of
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SF-UC and SF-IWC. The frequency stability of SF-IFH is significantly worse than that of
SF-UC and SF-IWC, and the difference between SF-IFH and SF-UC or SE-IWC is the greatest
in short-term stability. However, with an increase in the average time, the difference in
stability of SF-IFH and SF-UC or SF-IWC gradually decreases. The frequency stability of
SE-IFH, SF-UC, and SF-IWC is basically the same in 120,000 s. To quantitatively evaluate
the time and frequency transfer performance of SF-UC, SF-IFH, SF-IWC, and DF-IF, Table 4
provides statistics on the four links’ average frequency stability.

Table 3. Standard deviation (STD) values of the SF-UC, SF-IFH, SF-IWC, and SF-IF PPP solutions in
contrast with the International GNSS Service (IGS) final receiver clock products (ps), and the DF-IF
PPP solution STD reduced rates (%) compared to the SF-UC, SF-IFH, and SF-IWC SF PPP solutions.

Item Link SE-UC SF-IFH SE-IWC DEF-IF
BRUX-CEBR 120.88 153.54 115.63 41.37
STD (ps) BRUX-HERS 139.23 176.51 139.51 24.78
BRUX-ONSA 85.53 113.92 90.47 26.70
BRUX-SPTO 101.84 126.55 96.15 31.03
BRUX-CEBR 65.8 57.2 50.6 /
Reduced (%) BRUX-HERS 82.2 53.4 61.7 /
BRUX-ONSA 68.8 39.6 56.2 /
BRUX-SPTO 69.5 45.1 53.1 /
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1o BRUX-CEBR | | BRUX-HERS |
10713 |
E
6 15
c 1007}
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Figure 6. Frequency stabilities at four links for SF-UC, SF-IFH, SE-IWC, and DF-IF PPP solutions.

As shown in Table 4, the frequency stability of SF-UC, SF-IFH, and SF-IWC is worse
than that of DF-IF, among which IF-IFH has the worst frequency stability, and SF-UC
and SF-IWC have the same frequency stability. The short-term frequency stability of SF-
IFH is significantly worse than that of SF-UC and SF-IWC, due to the most significant
noise. However, the receiver clock offset and ambiguity gradually separate as the time
increases. The difference in frequency stability between SF-IFH, SF-UC, and SF-IWC is
steadily reduced. Among them, the difference in frequency stability between SF-IFH,
SF-UC, and SF-IWC at 120,000 s is only 4 x 10~ '¢. By comparison, it can be found that the
stability difference between SF and DF-IF models gradually decreases with an increase in
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the average time, and the frequency stability differences between SF-UC, SF-IFH, SF-IWC,
and DF-IF at 120,000 s are 1.2 x 1071%, 1.6 x 10715, and 1.2 x 10715, respectively. It can
be predicted that with a continuous increase in the average time, the frequency stability
difference between SF and DF-IF PPP will be further reduced, which means that SF PPP
has the potential to achieve the same frequency stability as DF-IF PPP. Considering the
lower cost of the SF GNSS receiver and the possible data loss during actual observation, SF
observation can also meet the needs of long-time time and frequency transfer. The use of
SE-UC and SF-IWC models is recommended for SF PPP time and frequency transfer.

Table 4. The mean values of frequency stability (x 10*14) at four links for SF-UC, SF-IFH, SF-IWC,
and DEF-IF PPP solutions.

Average SF-UC SF-IFH SF-IWC DF-IF
Time/s

30 294.60 652.30 294.60 21.75
60 193.10 340.70 193.10 11.97
120 111.30 172.90 111.30 7.14
300 46.63 69.38 46.62 416
600 24.09 35.34 24.09 3.13
1200 1220 17.69 1220 244
3000 522 7.32 5.23 1.50
6000 2.85 3.83 2.85 0.89
12,000 1.50 1.98 1.50 0.47
30,000 0.66 0.83 0.66 0.22
60,000 0.35 0.43 0.35 0.13
120,000 0.24 0.28 0.24 0.12

3.4. SF PPP Time and Frequency Transfer with Multi-Frequency Signals

Limited by space, Figure 7 only shows the clock offset sequence of BRUX-CEBR and
BRUX-HERS links. The variation trend of clock offsets of multi-frequency is basically the
same. Among them, the clock offset noise of E5 is the smallest, and that of E1, E5a, E5b,
and E6 is basically the same, which is related to the minimum noise of E5 observation and
the larger noise of E1, E5a, E5b, and E6 signals. We note that the clock offset noise of the
BRUX-HERS is slightly small than that of BRUX-CEBR, which corresponds with the idea
that the data quality of HERS is better than CEBR. The minimum biases of E1, E5a, E5b, and
E6 between E5 are 148.9 ps, 124.9 ps, 121.3 ps, and 156.7 ps, respectively; the corresponding
maximum biases are 103.9 ps, 62.2 ps, 69.7 ps, and 93.7 ps; and the related average biases
are 124.9 ps, 84.6 ps, 94.5 ps, and 115.1 ps, respectively, implying that the E5a signal is
superior to the E1, ESb, and E6 signals.

As shown in Table 5, the STD of E5 is the smallest, while that of E1 is the largest, and
the STD of Eb5a is smaller than E5a and E5b. The mean STDs of E1, E5, E5a, E5b, and E6 are
121.7 ps, 68.5 ps, 111.1 ps, and 108.88 ps, respectively. Compared with E1, the STDs of ES5,
E5a, E5b, and E6 are reduced by 43.7%, 22.0%, 8.7%, and 10.5% on average, respectively,
among which E5 has the most significant decrease rate, while E5b has the smallest decrease
rate, which is related to the smaller noise of E5 and the bigger noise of E5b. The mean STD
values of SF-UC, SF-IFH, SF-IWC, and DF-IF are 97.0 ps, 109.6 ps, and 96.4 ps, respectively,
among which the STD of SF-IFH is the largest, while the SE-IWC is the smallest. Compared
with the STD of SF-IFH, the STDs of SF-UC and SF-IWC are reduced by 11.5% and 12.0%
on average, respectively. The mean STDs of BRUX-CEBR, BRUX-HRES, BRUX-ONSA,
and BRUX-SPTO are 125.2 ps, 98.8 ps, 83.8 ps, and 96.2 ps, respectively. The accuracy of
BRUX-ONSA is the best, and that of BRUX-CEBR is the worst, which is related to the best
data quality of ONSA and the poor data quality of CEBR.
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Figure 7. Time and frequency transfer results of the E1, E5a, E5b, E5, and E6 signal SF PPP solutions
with respect to IGS final products.

Table 5. STD values of the E1, E5, E5a, E5b, and E6 signal SF PPP solutions in contrast with the IGS

final products (ps).
Model Signal BRUX-CEBR BRUX-HERS BRUX-ONSA BRUX-SPTO
El 120.88 139.23 85.53 101.84
E5 88.96 58.17 64.71 60.95
SE-UC E5a 128.67 77.90 66.07 95.43
E5b 126.63 90.30 114.60 112.06
E6 137.57 100.19 75.41 94.05
El 153.54 176.51 113.92 126.45
E5 88.26 59.33 66.03 63.07
SE-IFH E5a 136.96 88.44 73.62 103.70
E5b 139.32 101.20 119.81 117.75
E6 156.23 115.48 85.70 106.52
El 115.63 139.51 90.65 96.15
E5 90.02 62.85 54.70 64.34
SE-IWC E5a 128.38 74.07 68.42 97.65
E5b 126.10 90.13 92.78 102.32
E6 140.33 108.88 84.34 101.15

As shown in Figure 8, there are some differences in the short-term stability of E1, E5,
Eb5a, E5b, and E6. However, with the increase in average times, the difference in frequency
stability among E1, E5, ESa, E5b, and E6 gradually decreases, and the frequency stability of
each frequency at 120,000 s is close. By comparison, we found that the frequency stability of
E5 is significantly better than that of E1, E5a, ESb, and E6, and the frequency stabilities of E5,
E5b, and E6 are also close, which is related to the minimum pseudo-range noise of E5 and
the closed pseudo-range noise of E5, E5b, and E6. In the BRUX-CEBR link, the frequency
stabilities of E1, E5, E5b, and E6 are consistent. However, in the BRUX-ONSA link, the
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frequency stability of E1 is significantly worse than that of E5, E5b, and E6, which is related
to the noise of multi-frequency observations at CEBR and ONSA. To further analyze the
performance of SF time and frequency transfer using Galileo multi-frequency observations,
Table 6 makes statistics on the average frequency stability of the four links.
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Figure 8. Frequency stabilities at BRUX-CEBR and BRUX-HERS for E1, E5, E5a, E5b, and E6 signal
SF PPP solutions.

Table 6. The mean values of frequency stability (x 10~14) at four links for E1, E5, E5a, E5b, and E6
signal SF PPP solutions.

Average E1 E5 E5a E5b E6
Time/s
30 413.83 87.63 254.70 283.33 351.20
60 242.30 65.75 167.23 187.70 207.27
120 131.83 40.23 91.57 105.50 112.33
300 54.21 17.68 37.18 41.87 44.87
600 27.84 9.32 19.03 21.32 22.83
1200 14.03 5.04 9.67 10.87 11.66
3000 5.92 241 417 4.66 4.99
6000 3.18 141 2.28 2.52 2.68
12,000 1.66 0.89 1.35 1.36 1.47
30,000 0.72 0.43 0.58 0.63 0.64
60,000 0.38 0.22 0.30 0.34 0.34
120,000 0.26 0.18 0.20 022 0.23

As shown in Table 6, the long-term and short-term stability of using the E1 signal for
time and frequency transfer is worse than that of using E5, E5a, E5b, and E6, especially
in the short-term stability, demonstrating the most apparent difference between E5, E5a,
E5b, and E6. The frequency stability performance using the E5 signal is the best, while the
frequency stability using the E5a signal is the second best. Since the short-term stability
is mainly affected by the noise of the observation, the results of multiple frequencies
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have the most significant difference in short-term frequency stability. With an increase in
the average time, the frequency stability of each model shows a gradually approaching
trend. The frequency stability differences between E1, E5a, E5b, E6, and E5 in 120,000 s are
8 x 107162 x 1071, 4 x 10716, and 5 x 10716, respectively. With a continuous increase
in the average time, the stability difference between each frequency may be smaller. The
frequency stabilities of E5, E5a, E5b, and E6 are significantly improved compared with E1,
with maximum, minimum, and average values of 78.8%, 10.5%, and 30.0%, respectively.
The average gain of E1 is the largest (57.8%), and that of E6 is the most minor (14.4%). All
these indicate that, compared with the single-frequency observation, the multi-frequency
observations increase the reliability of the SF time and frequency transfer, and also improve
the accuracy of the SF time and frequency transfer.

3.5. SF PPP Time and Frequency Transfer with RTS Products and Multi-Frequency Signals

Figure 9 provides the Galileo satellite orbit and clock offset difference in the SSRCOOCNEQ
RTS to GRG final products. Galileo’s total number of available satellites in the SSRCOOCNEO
stream is 21. The RMS values of orbit and clock offset difference are all within 6.0 cm,
and the RMS values of the radial component are significantly smaller than that the along
the component and the cross-component. The mean RMS values of the radial component,
along component, cross-component, and clock offset of Galileo satellites are 2.3 cm, 4.1 cm,
4.1 cm, and 3.0 cm, respectively.

I rocial I along I cross M clock offset
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RT precise satllite orbit and clock offset RMS (cm)
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Figure 9. Difference in the orbit and clock offset between the SSRCOOCNEO RTS and the GRG
final products.

Figure 10 shows the clock offset of BRUX-CEBR and BRUX-HERS links with the RT
processing mode. The variation trend of multi-frequency clock offsets is the same; the
variation trend among the clock offset noise of E5 is the smallest; and the variation trends of
E1, E5a, E5b, and E6 are bigger than E5. Although the product of the SSRCOOCNEQ stream is
slightly worse than that of the GRG final product, there are no obvious differences between
Figures 6 and 10, which may be related to the big noise of the SF PPP clock offset sequence
obliterating the product error of the SSRCOOCNEO stream. The minimum biases of E1, E5a,
E5b, and E6 between E5 are 147.8 ps, 125.0 ps, 121.3 ps, and 156.3 ps, respectively; the
corresponding maximum biases are 105.0 ps, 62.2 ps, 69.4 ps, and 93.2 ps, respectively; and
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the corresponding average biases are 124.8 ps, 84.6 ps, 91.4 ps, and 114.9 ps, respectively.
The difference between the RT and the post-processing biases is slight (mean value of
0.4 ps), which indicates that the RT and post-processing SF time and frequency transfer
performance is relatively close.
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Figure 10. Time and frequency results of the E1, E5, E5a, E5b and E6 signal SF real-time (RT) PPP
solutions with respect to IGS final products at BRUX-CEBR and BRUX-HERS links.

Table 7 shows the STD values of the Galileo RT SF PPP solutions in contrast with the
IGS final clock offset product. Similar to the post-processing results, the STD of E5 is the
smallest, while that of E1 is the largest, and the STDs of E5a are smaller than E5a and E5b.
The mean STDs of E1, E5, E5a, E5b, and E6 are 123.8 ps, 67.0 ps, 95.6 ps, 108.5 ps, and
112.5 ps, respectively. Compared with E1, the STDs of E5, E5a, E5b, and E6 are reduced
by 45.9%, 22.8%, 12.4%, and 9.1%, on average, respectively, among which E5 has the most
significant decrease rate, while E6 has the smallest decrease rate. The mean STDs of SF-UC,
SF-IFH, SF-IWC, and DF-IF are 97.5 ps, 109.9 ps, 97.1 ps, and 37.29 ps, respectively, among
which the STD of SF-IFH is the largest, while the STD of SF-IWC is the smallest.

The STDs of RT SF PPP increase by an average of 5.5% compared with PT SF PPP, and
the STD of RT DF-IF PPP increase by an average of 20.4% compared with post-processing
SF PPP. We found that the STD of RT SF PPP is lower than that of post-processing SF PPP
in some links, but the STD of RT DF-IF PPP is always greater than that of post-processing
DEF-IF PPP. This phenomenon may be caused by the large noise of clock offsets in SF PPP,
which submerges the biases of RT satellite products, and the RT satellite products are not
affected by the daily boundary effect.
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Table 7. STD values of E1, E5, E5a, E5b, and E6 frequency real-time (RT) SF PPP solutions in contrast

with the IGS final clock offset product (ps).

Model Signal BRUX-CEBR BRUX-HERS BRUX-ONSA BRUX-SPTO
El 128.21 138.55 92.22 99.20
E5 79.24 59.92 59.90 65.91
SE-UC E5a 128.63 75.48 66.65 98.98
E5b 128.94 89.27 107.12 105.96
E6 137.15 104.31 83.03 100.74
El 160.28 174.92 118.86 124.94
E5 79.21 60.61 60.82 68.49
SE-IFH E5a 136.94 85.32 74.21 107.47
E5b 141.68 99.62 111.94 111.67
E6 156.66 119.45 9291 112.92
El 118.00 139.50 94.77 96.64
E5 81.10 63.57 56.50 68.90
SE-IWC E5a 126.98 74.24 71.66 100.40
E5b 124.26 89.84 91.37 100.27
E6 137.67 109.51 90.18 106.02
DEF-IF E1/E5a 57.00 25.93 31.87 34.37

Figure 11 shows frequency instabilities at BRUX-CEBR and BRUX-HERS links for RT
SF PPP. Similar to the post-processing results, there are significant differences in the short-
term frequency stability of E1, E5, E5a, E5b, and E6. With the increase in average times, the
difference in frequency stability among E1, E5, E5a, E5b, and E6 gradually decreases. To
further analyze the performance of RT SF PPP time and frequency transfer with E1, E5,
E5a, E5b, and E6 signals, Table 8 makes statistics on the average stability of BRUX-CEBR,
BRUX-HERS, BRUX-ONSA, and BRUX-SPTO links.
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Figure 11. Frequency stabilities at BRUX-CEBR and BRUX-HERS for E1, E5, E5a, E5b, and E6 SF RT

PPP solutions.
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Table 8. The mean values of frequency stability (x 10~ 14) at four links for E1, E5, E5a, E5b, and E6
frequency RT SF and DF-IF (E1/E5a) PPP solutions.

Average E1 E5 E5a E5b E6 E1/E5a
Time/s

30 413.83 87.65 264.90 281.07 351.17 21.93
60 242.30 65.78 172.53 184.70 207.23 12.07
120 131.83 40.24 9421 103.67 112.33 7.23
300 5421 17.67 38.21 4150 14.87 426
600 27.84 9.32 19.51 21.12 22.82 3.30
1200 14.04 5.04 9.90 10.80 11.66 2.69
3000 5.93 2.40 426 163 199 1.79
6000 318 142 2.32 2.50 2.68 1.05
12,000 1.66 0.89 1.37 1.36 147 0.56
30,000 0.71 043 0.58 0.64 0.64 0.24
60,000 0.37 0.22 0.30 0.34 0.34 0.15
120,000 0.26 0.18 0.21 0.22 0.23 0.13

As shown in Table 8, E1 frequency stability is worse than that of E5, E5a, E5b, and
E6, especially in the short-term frequency stability. The order of frequency stability is
E5 > E5a > E5b > E6 > E5a, which corresponds to the MPC noise of multi-frequency signals
(E5, Eba, Ebb, E6, and E1 mean that MPC noise values are 0.127 m, 0.202 m, 0.220 m, 0.226 m,
and 0.254 m, respectively). Compared with E1, the frequency stability of E5, E5a, E5b, and
E6 is improved, with maximum, minimum, and average values reaching 78.8%, 8.9%, and
29.5%, respectively, and the gain of E5 is the largest (mean value of 57.5%) and that of E6 is
the most minor (mean value of 14.0%).

Similar to the PT processing results, there are obvious differences in the short-term
frequency stability of E1, E5, E5a, E5b, E5, and E6, but with the increase the time, their
frequency stability gradually approaches (differences between E1, E5a, E5b, E6, and E5 in
120,000 s are 8 x 10716,3 x 10716, 4 x 1071, and 5 x 1071°, respectively). Interestingly, the
long-term frequency stability of RT SF and RT DF-IF (E1/E5a) solutions are also relatively
close (differences between E1, E5, E5a, E5b, E6, and DF-IF in 120,000 s are only 1.3 x 10715,
5x10716,8 x 10716,9 x 10716, and 1 x 10715, respectively), which indicates that SF PPP
has the potential to achieve the same frequency stability as DF-IF PPP.

We also found that the frequency stability of RT SF-PPP is better than that of PT SF-PPP
in some signals (E1, E5, E5a, E5b, and E6 increase by 0.3%, 0.0%, —2.3%, 0.5%, and 0.0%, on
average, respectively), but that of the RT DF-IF PPP is always worse than PT DE-IF PPP
(decreased by 9.2% on average). This phenomenon may be caused by the large noise of
clock offsets in SF PPP solutions, which submerges the biases of RT satellite products, and
may also be related to the reasonable setting of multi-frequency signal noise.

4. Conclusions

The SF-UC, SF-IFH, and SF-IWC PPP time and frequency transfer models are es-
tablished in this contribution. In the MGEX network, the BRUX, CEBR, HERS, ONSA,
and SPTO stations are selected to form four links from 947.7 km to 1331.6 km. The time
and frequency transfer performances of Galileo E1, E5a, ESb, E5, and E6 multi-frequency
observation SF PPP with RT and post-processing types are analyzed and compared.

The results show that the time and frequency transfer accuracy of SF-UC and SF-IWC
is better than that of SF-IFH, and that of SF-UC and SF-IWC is similar. Interestingly, al-
though the short-term frequency stability of the SF-IFH and SF-UC/SF-IWC is significantly
different, their long-term frequency stability is close. Furthermore, SF PPP time and trans-
fer performance with E5, E5a, ESb, and E6 signals are improved in comparison with the
traditional E1 signal, among which the E5 signal improves the most (mean value of 58%)
and the E6 signal improves the least (mean value of 14%), indicating the advantage of
multi-frequency signals in timing. We also found that the difference in frequency stability
between SF and DF PPP decreases gradually with an increase in the average time, and the
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frequency stability difference between SF and DF-IF PPP can reach 2 x 10~16 in 120,000 s,
which indicates that SF PPP has the potential to achieve DF PPP frequency stability. Hence,
SF PPP can also meet the long-time time and frequency transfer requirements, and the
SE-IWC model based on the Galileo E5 signal is more recommended.

In addition, it is worth mentioning that to simplify the data-processing process, we
set the prior noises of the Galileo multi-frequency signal to the same. If reasonable prior
noise can be set for multi-frequency signals and SF PPP ambiguity can be fixed, then
the advantages of multi-frequency signals can be further proved, and the results will be
more convincing. Hence, in the follow-up research, we will explore the method used to
determine the optimal prior noises of Galileo multi-frequency signals, and further study
the ambiguity resolution method of SF PPP.

Now, given that the four major GNSSs have received support for multi-frequency
signals (especially BDS and Galileo support five-frequency signals), and the demand for SF
time and frequency transfer application is gradually increasing, multi-frequency signals
will help to improve the robustness and accuracy of SF time and frequency transfer, and
provide more choices for time users.
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