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Abstract: Currently, the BeiDou-3 (BDS-3) precise point
positioning (PPP) service (PPP-B2b) mostly employs the
ionosphere-free (IF) combination model for precise timing,
which tends to amplify the noise in observation values. To
address this issue, this paper proposes a real-time BDS-3
precise unidirectional timing model based on uncombined
(UC) observations using the BDS-3 PPP-B2b service. This
model resolves the challenge of the amplified observation
noise inherent in the IF combination model. The experiment
involved selecting eight global navigation satellite system
(GNSS) observation stations within China and collecting
continuous observation data for 15 d. A comparative analy-
sis with the traditional dual-frequency IF combination PPP
timing model showed that the BDS-3 UC PPP timing based
on the BDS-3 PPP-B2b service can achieve a timing preci-
sion of 0. 5 ns. In addition, it was found that due to global
positioning system (GPS) satellite clock products in the
BDS-3 PPP-B2b service not being unified to the standard
time, the GPS IF PPP timing method based on the BDS-3
PPP-B2b service is not recommended for precise timing. In
summary, the BDS-3 UC PPP timing model proposed in
this paper is suitable for precise timing, providing observa-
tion values with smaller noise, and its timing accuracy is
comparable to that of the BDS-3 IF PPP, with slightly better
frequency stability.
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munication base stations and radar, also need high-preci-
sion and accurate time signals. Currently, global naviga-
tion satellite systems (GNSS) one-way timing technol-
ogy is the main timing technology and is widely used.
The timing work is broadcasting a standard time; hence,
time users can obtain time signals from GNSS time di-
rectly, such as BeiDou (BDS) time or BDT, global posi-
tioning system (GPS) time or GPST, and Galileo system
time or GST. At present, the traditional timing accuracy
can achieve 20-50 ns with the single point positioning
model; therefore, time users are increasingly concerned
about GNSS time transfer methods with higher precision.
Subsequently, the common-view (CV) with GPS sat-
ellites, which can reach the level of a few nanoseconds,
was officially used for universal time coordinated (UTC)
comparison in 19802, Meanwhile, the all-in-view
(AV) has reached better time transfer since 2004 with
the development of precise orbit and clock products: the
time transfer with the AV technique is not limited by dis-
tance, and its performance is superior to the CV time
transfer®. The CV and AV time transfer is usually used
for GNSS pseudorange observations. Therefore, precise
point positioning (PPP) , using carrier phase and pseudo-
range observations, is investigated by many researchers
for time transfer*’. PPP is not limited by the distance be-
tween different users with a 0. 3-ns precision level and is
formally used in the UTC/TAI (international atomic
time) comparison'>. Subsequently, scholars have gradu-
ally carried out more in-depth research on the PPP time
transfer. Tu et al. °' studied the BDS-2 PPP time transfer
with triple-frequency (TF) observations and presented
that the TF PPP exhibited similar performance to the dual-
frequency PPP model. Meanwhile, Zhang et al. 7 inves-
tigated the Galileo PPP time transfer using quad - fre-
quency observations and suggested that these observa-
tions can enhance the reliability of PPP. Then, with us-
ers demanding real-time performance, the real-time PPP
time transfer has been gradually explored. Defraigne et
al. ' have earlier studied the PPP time transfer and
achieved the time transfer precision in subnanoseconds in
real time. A clock model for PPP was proposed by Lii et
al. '), which could improve the real-time PPP time trans-
fer and reduce the reconvergence when the data is inter-
rupted. More recently, preliminary studies on real-time
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BeiDou-3 (BDS-3) PPP have been conducted by Ge et
al. "' and they presented that it can achieve better than
1-ns time transfer precision.

Although the PPP time transfer has achieved high pre-
cision, it still requires data interaction without conceal-
ment and convenience; hence, real-time PPP timing
came into being. For PPP timing, the satellite precision
clock products play an important role in time informa-
tion. Based on this background, Guo et al. ‘'’ computed
the datum of the satellite clock offset to the GNSS time sys-
tem, and the PPP timing was then released. Wu et al. "'
presented a one-way timing service system based on
UTC (NTSC). However, this PPP timing method relies
on the internet to deliver real-time products, which will
lead to PPP timing instability due to network communica-
tion problems. Fortunately, BDS-3 has provided the po-
sitioning, navigation, and timing service since July 31,
2020''*, which features short-message communication"’
and PPP service via B2b signal from Geostationary Earth
Orbit satellites' . Then, BDS-3 PPP was used for many
fields using PPP-B2b, for example, precise position-
1516 1517-18) " and time transfer''’.
BDS-3 PPP can reach high-precision positioning and

ing , ocean positioning"
time transfer in non-internet environments and remote
places with PPP-B2b. A multitude of studies have been
conducted on the time transfer of BDS-3 PPP based on
the PPP-B2b service, and research indicates that it can
achieve a time transfer precision of approximately 0.5
ns. However, the investigation of precise timing with
the PPP-B2b service is limited. Currently, the BDS-3
PPP timing is mainly based on the ionosphere - free (IF)
combination model, and there is no timing model based
on the uncombined (UC) PPP model as of yet. The da-
tum of the satellite clock in the PPP-B2b is aligned to
BDT for BDS-3 and hence makes precise timing using
the PPP-B2b possible. In addition, the traditional PPP
timing was based on the IF combination, and the UC
PPP timing method with the PPP-B2b has not been stud-
ied yet.

Here, a real-time UC PPP timing method is proposed
with a subnanosecond level. The recovery of the orbit/
clock and the PPP timing model with the PPP-B2b ser-
vice will be presented, and the processing strategies and
tests will be introduced. Then, the PPP timing with the
PPP-B2b will be validated and studied. Finally, the con-
clusion will be presented.

1 Methods

The recovery of orbit/clock from the PPP-B2b is pre-
sented, followed shortly by the one-way timing using the
PPP-B2b.

1.1 Recovery of orbit/clock

A precise orbit consists of the broadcast ephemeris and

PPP-B2b, which can be presented as follows 2’ :

Ypre = Ybrd +(hr1ha)hc)x AC
AC =[AC,AC,,AC, ]
R
h =
|R| (1)
poo RXR
|R X R|
ha:hcxhr

where Ypre is the precise orbit; (hr, h, hc) refers to the
transformation matrix; Y, indicates the orbits with
broadcast ephemeris; AC indicates the correction in the
PPP-B2b service; (AC,, AC,, AC,) is the correction at
radio, along, and cross-direction, respectively; and R
and R represent the velocity and position for the satellite,
respectively.

The recovery of the precise clock is presented as fol-
lows:

foe = T = A7D (2)

where ;. indicates the precise clock; 7, refers to the
clock in the broadcast ephemeris; AD is the clock correc-
tion; s indicates the satellite; and ¢ represents the speed
of light.

1.2 UC PPP timing model

The B11I/B3I for BDS was selected for PPP timing in
this paper. The uncombined (UC) carrier phase and
pseudorange observations can be read as follows:

Pron=p+(dt, +d o) - (A +dy )+ T) + 15+ &gy,
Ploy =pi+(di, +d, oy) = (A + diyy) + T + yI + &5 gy
(3)
Lgn=prtdt,—de*+ T) - I+
)\BII(N:;BII + Br,Bl] + B]SBII) + l/’:,BII
Lpn=pr+dt,—de + TP =yl +
)\B3I(NI'S,B3I + Br.B3I + BE?I) + lpts‘,B3l

(4)

where p: ;,; and p; g, refer to the B1I and B3I pseudor-
ange observations, respectively; [}, and [} ,,; indicate
the carrier phase observations; p; is the distance between
the satellite and the station; s and r refer to the satellite
and receiver, respectively; dr, and dr* present the re-
ceiver and satellite clock offset, respectively; T is the
tropospheric delays; I} demonstrates the ionospheric de-
lay in the B1I frequency; f indicates the frequency; A is
the wavelength; d; and d, ; are the pseudorange hardware
delay; B, ,and B are the phase delays; y = fy,,/fgy is the
corresponding frequency coefficient; N, is the ambiguity
for carrier phase; ¢}, and &, are the carrier phase and
pseudorange observation noise under different frequency
k, respectively.
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Since the BDS-3 satellite broadcast clock uses the B3I
signal as the frequency reference, the BDS-3 satellite
clock will absorb the B3I signal code hardware delay;
hence, the BDS-3 satellite clock 87 and the receiver
clock offset 87, can be rewritten as follows :

8, = dt, + ad,_y, + Bd, 4y, = dt, + dyg
8t = dr* + diy,
S T (5)
fan = fon
Jon ~ Jen
Then, Egs. (3) and (4) can be rewritten as follows:
Plan=ps+ 88, =8+ T+ (I +BDCB, 4 ypy) —
DCBY i3 + €551
Phpy =Py + D1, = B+ T +y (I3 + BDCB, ) + &}y
(6)
Boyy=pt+8t, =8+ T —(I' + BDCB, 4 5s) +
’\Bllﬁan + i pn
Logy=pt+0t, =8+ T —y(I + BDCB, 5 5x) +

A
s S
ABSINr.BBI + dlr,B3l

(7)
where DCBy,, 55 can be obtained from the PPP-B2b dif-
ferential code bias corrections for frequencies B1I and
B3L

To verify the results of BDS-3 UC PPP one-way tim-
ing with the PPP-B2b, the traditional IF PPP timing
method was also used in this paper. After applying the
corresponding correction models and precise products, the
code and carrier phase observations can be expressed "’
as follows:

p:,IF =p, + 8;1' -8 + T} + aDCBy 3 + é:rs,IF (8)

l:,[F =p; + 82; - ¥ + T} + )‘IFNrS,IF + l//:,lF (9)
where IF indicates the IF PPP model.
After calibrating the hardware delay, D, represents the
difference between BDT and local time, which is written
as follows:

(10)

D, = typr = tige

where u refers to the user and ¢, is the user time.

The diagram of PPP timing is shown in Fig. 1 with
BDS-3. First, the BDS-3 observations and broadcasts
and the PPP-B2b corrections were received by the user.
Then, the precise orbit/clock is recovered. Third, by us-
ing the PPP engine, the user will calculate the differ-
ence, which can be obtained as shown in Eq. (10).

In addition, with the traditional weighting and consid-
ering the accuracy of the orbit/clock, the weight H can
be written as follows:

BDS-3 GEO
BDS-3 BDS-3 broadcastii  PPP-B2b
observations ephemeris corrections
l lRecovery

BDS-3 Real-time precise

observations orbit and clock
[ |

v
BDS-3 PPP
model

User time-BDT

Fig. 1 Flowchart of one-way timing using the PPP-B2b

H = diag(o2, 052, -+, 0';12)
{ glo, 2 (11)

o’ =GR (a, + b,/sine’) + o,

where G indicates the factor (BDS-3: GPS = 1:1) ;
b, and a, are carrier-phase error factors, which are set to
0.01 and 0. 006 m, respectively; e indicates the eleva-
tion angle; R, refers to the carrier phase/pseudorange
error ratio (1/10 000) ; o, refers to the user range accu-
racy from the PPP-B2b; and m represents the number of
satellites.

1.3 PPP timing evaluation

The Allan variance is a time-domain method primarily
used for assessing frequency stability. In this paper, the
modified Allan variance is chosen as the evaluation
method for time reference stability in the context of PPP
timing. The formula for the modified Allan variance is as
follows:

HOE
1 N-3n+2(j+n-1[i+n-1 :
(N2 ]Z] [ 2. { kz (ym—yk)“
(12)
where N represents the number of frequency bands, y, is

the observation value in the N-th frequency band, and n
denotes the averaging factor, typically set as m=1. Then,

1 M=3n+1 j+n—l( : 2
Xt n_zxi+n+xi
202 (M =3n+2)7? jz. z, "

al(r)=

(13)

where x; represents phase observations. The distinction
lies in the fact that the former uses frequency point obser-
vations as phase observations, with M = N + 1, 7 = nr,
representing the average observation time interval, and
7, as the fundamental observation time interval.

2 Experiment and Data Description

To evaluate the efficiency of the BDS-3 UC PPP
one-way timing with the PPP-B2b, seven stations from
the MGEX and one station from the Jiangsu Continuous
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Operational Reference System (CORS) in China were se-
lected, namely BIKO, POL2, LCK4, JFNG, NSHD,
GAMG, USUD, and CUSV. The processing strategies
are then described.

2.1 Dataset

The test data were received from day of year (DOY)
103 to 117 in 2023. The PPP-B2b corrections were ob-
tained from the CORS station located at Nanjing Normal
University, China. In addition, the BDS-3 PPP with fi-
nal products released from Wuhan University (WUM)
was applied to assess PPP one-way timing with the
PPP-B2b'*),

2.2 Strategies

The dual-frequency IF or UC PPP one-way timing
model was investigated. The detailed strategies of PPP
one-way timing are presented in Table 1. Then, the rela-
tivistic Sagnac effect was corrected by the corresponding
model, and tidal displacement was corrected by the IERS
models >’ Moreover, two schemes are designed. First,
the BDS-3 IF PPP one-way timing with the PPP-B2b ser-
vice was tested and analyzed. Second, the proposed
BDS-3 UC PPP one-way timing with the PPP-B2b was
presented and compared. In addition, the BDS-3 PPP
with WUM products was set as the reference.

Table 1 Strategies of PPP timing using the PPP-B2b

Parameters Values
Estimator Kalman
Signals BDS-3: B11I/B31
GPS: L1/L2
PCV and PCO “igs*.atx” file

Receiver clock offset White noise (10* m?)

Estimated as constant
CNAV 1+ PPP-B2b correction
WUM products??!
ZHD: corrected?!!
ZWD: the random-walk model (5x107® m?%/s)

Phase ambiguities

Precise products

Tropospheric delay

Tidal displacement Corrected

Receiver coordinates Estimated as constant

3 Result

Fig. 2 shows the receiver clock offset calculated from
BDS-3 or GPS PPP with the PPP-B2b service at the
USUD station. In addition, the receiver clock offsets of
BDS-3 or GPS PPP using WUM products are shown in
Fig. 3. Combined with the figures, two findings are pre-
sented. First, the GPS PPP solutions present a jumble of
time series, as observed from the small zoom, whereas
BDS-3 PPP solutions illustrate a continuous and stable
time series. This may be explained by the fact that the da-
tum of GPS in the PPP-B2b products is not aligned to a

(251 Whereas the reference of BDS-3

uniform time datum
is BDT!'*.

PPP-B2b is not appropriate for using GPS satellites. For-

Hence, the PPP timing application with the

tunately, BDS-3 PPP presents good performance for pre-
cise application with the PPP-B2b service and will be in-
vestigated and presented in this study. Second, as shown
in Fig. 3, it can be concluded that the time series from
BDS-3 or GPS PPP with the WUM products all exhibit
obvious systematic bias between days and days, but they
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Fig. 2 Receiver clock offset obtained with the PPP-B2b ser-
vice. (a) From GPS PPP; (b) From BDS-3 PPP
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Fig. 3 Receiver clock offset obtained with the WUM prod-
ucts. (a) From GPS PPP; (b) From BDS-3 PPP
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are very stable within days. This may be because WUM
products are not continuously estimated, and the daily
benchmarks are not uniform. Fortunately, the datum of
the satellite clock in the WUM product is stable and con-
tinuous; hence, the daily PPP solutions with WUM prod-
ucts were regarded as the true values.

Fig. 4 presents the receiver clock offset of four stations
(i.e. , GAMG, LCK4, USUD, and CUSV), which was
calculated from the two BDS-3 PPP timing models. Four
findings are explained in the following. First, an obvi-
ous phenomenon is that the receiver clock offset calcu-
lated by different stations presents different trends and
noise phenomena, which may be because some stations
use the frequency source provided by the internal crystal
oscillator, such as the CUSV station, while some sta-
tions use high-performance atomic clocks, such as the ce-
sium atomic clocks used by the USUD station. Second,
there is a partial missing of the receiver clock offsets of
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the CUSV station, which is caused by the missing obser-
vations of the CUSV station. Third, an important find-
ing is that, from the perspective of the receiver clock dif-
ference time series calculated by the two models, the so-
lutions of the two models are comparable, and there is no
obvious systematic bias. This shows the feasibility of the
UC PPP timing models. In addition, it can be proved
from the model that the receiver clock offset from the
BDS-3 UC PPP timing model includes the time differ-
ence between local time and BDT and the dual-frequency
IF combination hardware delay (see Eqgs. (3)-(5)). Fourth,
from the receiver clock offsets of GAMG from the two
BDS-3 PPP timing models, it can be observed that the
noise obtained from the UC PPP timing model is smaller
than that of IF PPP timing. This may be because the
BDS-3 UC PPP timing model directly uses the original
observations, whereas the BDS-3 IF PPP timing model
amplifies the noise.
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Fig. 4 Receiver clock offset from two PPP models. (a) USUD; (b) CUSV; (¢) GAMG; (d) LCK4

The clock differences between the two PPP timing
models and PPP using WUM products are shown in
Fig. 5 for seven stations. Note that IF and UC indicate
the BDS-3 IF PPP timing model and the BDS-3 UC PPP
timing model, respectively. Combined with the clock
difference of seven stations, three conclusions can be
drawn. First, as mentioned earlier, the datum of the sat-
ellite clock in WUM products has a significant system
bias from day to day, but the datum of the satellite clock
is stable in one day; hence, a one-day data arc is used to
evaluate the two BDS-3 PPP timing models. Second, it
can be easily seen that there was a significant reconver-
gence problem at the beginning of DOY 110, which was
mainly due to the phenomenon of a short interruption in

the receiver at that time. Therefore, the reconvergence
of PPP timing due to short-time outages caused by vari-
ous factors still needs to be further resolved. Third, it
was found that the timing solutions of the BDS-3 UC
PPP timing model are basically in good agreement with
the solutions of the BDS-3 IF PPP timing model and even
better than that of the BDS-3 IF timing model. This phe-
nomenon further confirms that the BDS-3 UC PPP model
is suitable for timing applications and validates the advan-
tages of the BDS-3 UC PPP timing model; that is, it di-
rectly uses the original observations.

To quantify the conclusion, the standard deviation
(STD) and mean values of the clock difference between
two BDS-3 PPP timing models with the PPP-B2b service



72 WANG Yong, LIU Tianjun, GU Shengfeng, GE Yulong, and JIANG Weiping

Clock difference/ns
n
S

_55-
—60 —45.0L_ - )
o 1042 1046 105.0
102 104 106 108 110 112 114 116 118
DOY
(a)
_35-
-TF
-~
2 —40 _ -uc
?5_ | ~ e S
245t T e .
£ -50F -
g
% =55+
2
© -60 . . )
. 10421046 105.0
102 104 106 108 110 112 114 116 118
DOY
(¢)
_35-
-IF
w40k ~r e
5 -
S 45t ~p N
S e -~
3] —44r
E-50F o A
% 551 —46}
2
O — L
60 _48 1 1 )
65 L. 1042 1046 1050
102 104 106 108 110 112 114 116 118
DOY
(e)
_35-
o~ -IF
' -UC

Clock difference/ns
n
S

_55-
_60_
5 ) ,_46, 1042 1046 .105.0
102 104 106 108 110 112 114 116 118
DOY

(g)

Clock difference/ns
o
(=)

_55_

—60 - . L

B . 1042 1046 1059

102 104 106 108 110 112 114 116 118
DOY
(b)
_35_
. TF
2 —40 e
Td_ | ~ W~
2 45 ~ .
£ 50 b
g
%55t
2
O —
60 —46.0 L - -
sl . 1042 1046 1059
102 104 106 108 110 112 114 116 118
DOY
(d)

-35¢ e
@ —40 | -uUC
£ (W
(5]

S 45| v e
5 do. -~
£ 50F gm =X
g
% =55} —45 ~
2
O — L
60 _50 1 1 )
sl 1042 1046 050
102 104 106 108 110 112 114 116 118
DOY
(f)

_35_

IF
2 -40 - e
3 o —
245+t o N
5 a3 -
& =50 b .
3 7 —44r
g 557 S TS DT,
=2 —46}
O 60} 47 , ,

sl . 1040 1045 ]050,

102 104 106 108 110 112 114 116 118
DOY

(h)

Fig. 5 Clock differences between BDS-3 PPP using the PPP-B2b service and PPP with the WUM products. (a) CUSV; (b)
GAMG; (¢) JFNG; (d) LCK4; (e) POL2; (f) USUD; (g) BIKO; (h) BTLH

and BDS-3 PPP with the WUM products were calcu-
lated. The STD and mean values of the clock differ-
ences, which were calculated by the BDS-3 IF PPP tim-
ing model and the BDS-3 UC PPP timing model, for
seven stations, are displayed in Fig. 6 and Fig. 7, respec-
tively, on each day. The average STD values of the
clock difference are calculated and presented in Table 2.
Combining Fig. 6, Fig. 7, and Table 2, four findings are
exhibited here. First, comparing the clock difference ob-
tained by the BDS-3 IF PPP timing model and the BDS-3
UC PPP timing model, it can be seen that the clock dif-
ference solved by the two models does not show obvious

systematic deviation numerically, which is similar to the
result theory obtained by the receiver clock offset se-
quence from earlier and further proves the feasibility of
the BDS-3 UC PPP timing in Fig. 6. Second, except for
the results of DOY 111 for all stations, the STD values
of clock difference for other days can all satisfy better
than 0.5 ns. Hence, it can be concluded that the preci-
sion of BDS-3 PPP timing with the PPP-B2b will reach
the subnanosecond level, regardless of whether the
BDS-3 IF PPP timing or the UC PPP timing is used.
Third, in Table 2, the mean STD values for the two
BDS-3 PPP timing models at NSHD, BIKO, CUSV,
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respectively. Combining Fig. 8 and Fig. 9,
BIKO,

for NSHD,
LCK4, POL2, and USUD, are 3.82x107'%, 7.05x

sets, which were obtained from the BDS-3 IF PPP timing

two BDS-3 PPP timing models are presented in Fig. 8
of frequency stability, the MDEVs of receiver clock off-

lan deviation (MDEV) of the PPP timing results for the
and Fig. 9,

compare the two PPP timing models
analyzed the frequency stability results.

three findings were drawn. First

model,

stations are
the original

the mean STD of the clock differ-

ence calculated by the two BDS-3 PPP timing models is
possibly be-

, POL2, and USUD
Fourth, the precision of
-3 satellites,

]

LCK4

’

Fig. 6 Mean bias of the clock difference between BDS-3 PPP using the PPP-B2b and PPP with WUM products.
To further evaluate the PPP timing performance and

BTLH; (c¢) CUSV; (d) GAMG; (e) JENG; (f) LCK4; (g) POL2; (h) USUD

observations and is less noisy than the BDS-3 IF PPP tim-

the UC PPP timing model is equal to or better than the IF
ing model.

PPP timing model with BDS
cause the BDS-3 UC PPP timing model uses

less than 0. 3 ns for all stations.

presented. Overall

GAMG, JFNG
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Fig. 7 STD values of the clock difference between BDS-3 PPP using the PPP-B2b and PPP with WUM products. (a) BIKO; (b)
BTLH; (c¢) CUSV; (d) GAMG; (e) JENG; (f)LCK4; (g) POL2; (h) USUD

Table 2 Mean STD of the difference between the two PPP
timing models using the PPP-B2b service ns

Model NSHD BIKO CUSV GMAG JFNG LCK4 POL2 USUD
IF 0.27 030 0.25 027 028 028 030 0.28
ucC 0.26 029 0.25 026 027 028 028 0.27

1077, 2.47x107"%, 7.49x107", 2.58x107"%, 5.04x
1072, 1.67x107"%, 4. 10x107"* at 960 s and 1. 41x107",
4.07x107%,  1.39x107"%, 3.62x1077, 3.65x107",

1.91x107"2, 5.85%107"%, 1.36x107"* at 15 360 s, respec-
tively. The frequency stability of different stations shows
different characteristics, which may be related to the
performance of the atomic clock of each station. For ex-

ample, the cesium atomic clock is connected to the

USUD station, and its frequency stability is significantly
better than other stations. Second, the MDEVs of re-
ceiver clock offsets, which were obtained from the
BDS-3 UC PPP timing model, for NSHD, BIKO,
CUSV, GAMG, JFNG, LCK4, POL2, and USUD, are
3.82x107",  7.05x107%,  2.47x107"%,  7.49x107",
2.58x107", 5.04x107", 1.67x107", 4.10x10™* at
960 s and 1.41x107", 4.07x107", 1.39x107", 3. 62x
1077, 3.65x107"7, 1.91x107"*, 5.85x107", 1.36x107"
at 15 360 s, respectively. Based on the long- and
short-term frequency stability, the frequency stability of
solutions obtained from the BDS-3 UC PPP timing model
is slightly better than the frequency stability of solutions
calculated from the BDS-3 IF PPP timing model, which
is similar to the previous conclusion.
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Fig. 8 MDEYV values of the receiver clock offsets obtained from the two PPP timing models for four stations. (a) BTLH; (b) BIKO;
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Fig. 9 MDEV values of the receiver clock offsets obtained from the two PPP timing models for three stations. (a) JENG; (b) LCK4;
(¢) POL2; (d) USUD

4 Conclusions

Based on the results of this paper, three conclusions

have been drawn as follows:

(1) Due to the obvious jump in the receiver clock off-

set calculated by GPS PPP, because the time datum of
the GPS clock in the PPP-B2b is not unified, it is diffi-
cult to realize the application of high-precision timing.
The receiver clock offset of the traditional IF PPP is very
continuous and stable because the datum of the BDS-3
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clock in the PPP-B2b is BDT; hence, users can directly
obtain synchronization with BDT through the BDS-3 IF
PPP timing model. The precision of BDS-3 PPP
one-way timing using the IF model will reach better than
0.5 ns.

(2) The timing solutions of the BDS-3 UC PPP model
and the IF PPP model have no obvious systematic bias
and are in good agreement, which also shows that the
UC PPP model can be used in high-precision timing ap-
plications. The mean STD values of the clock difference
between the timing results and the reference are 0.27,
0.30, 0.25, 0.27, 0.28, 0.28, 0.30, and 0. 28 ns for
the BDS-3 IF PPP timing model and 0. 26, 0.29, 0. 25,
0.26, 0.27, 0.28, 0.28, and 0.27 ns for the BDS-3
UC PPP timing model at NSHD, BIKO, CUSV,
GAMG, JFNG, LCK4, POL2, and USUD stations, re-
spectively.

(3) The short- and long-term frequency stability of so-
lutions obtained from the BDS-3 UC PPP timing model
is slightly better than that of the BDS-3 IF PPP timing
model. In addition, the UC PPP timing model is more ef-
fective due to each independent frequency to form the ob-
servation equations.
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