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Abstract: The time-varying biases within carrier phase observations are integrated into satellite
clock offset parameters for precise clock estimation. Consequently, when the precise satellite clock
bias is applied to the third frequency observation for precise point positioning (PPP), a new type of
inter-frequency clock bias (IFCB) with satellite dependence should be noticed. If the IFCB is estimated
together with the receiver coordinates, tropospheric wet delay, ambiguity and other parameters, it
will increase the computational burden and lead to more time consumption. In order to solve this
problem, the IFCB of GPS Block IIF satellites were estimated using 162 global uniformly distributed
Multi-GNSS Experiment (MGEX) stations. By analyzing the time-varying characteristic of each
satellite IFCB and combining the lag characteristics of the final ephemeris products, a modeling
method of short-term IFCB prediction based on the epoch-by-epoch sliding Pearson autocorrelation
function is proposed. The feasibility of this method was verified through the Student’s t-distribution,
comparison with the measured IFCB, the posteriori residual of the third frequency carrier phase and
the kinematic/static PPP solutions. The results showed that since the IFCB period was not a complete
24 h, the difference in the IFCBs time series on different days was increasingly significant with the
passage of lag time, and the correlation constantly decreased. The peak-to-peak amplitudes of the
IFCB difference reached 1.13, 3.44, 6.86 and 11.25 cm when the lag time was 1, 9, 19 and 29 days,
respectively. In addition, based on the lag characteristic of final precise ephemerides released by the
International GNSS Service (IGS) analysis centers, the prediction accuracy of the IFCB was evaluated
with a time lag of 7 days. The root mean square of the posteriori residuals at the third-frequency
observation decreased by approximately 51.3% compared to that without considering for IFCB
correction. The triple-frequency uncombined PPP in the horizontal and vertical directions improved
by approximately 33.2% and 17.2% for the static PPP solutions and 50.2% and 39.7% for the kinematic
PPP solutions, respectively. In general, the accuracy and convergence time of the triple-frequency
uncombined PPP were equivalently improved when the predicted IFCB and the measured IFCB
were used.

Keywords: inter-frequency clock bias; triple-frequency; precise point positioning; prediction method

1. Introduction

With the continuous development of the global navigation satellite system (GNSS),
the GPS Block IIF, BDS-2/BDS-3, Galileo, GLONASS-K and Quasi-Zenith Satellite System
(QZSS) satellites have begun to provide signals on three or more frequencies [1–4]. This
joint positioning of multi-frequency observations opens new prospects for precise point
positioning (PPP) [5] in the analysis of ionospheric refraction effects [6], reflectometry of
precipitable water vapor [7], integrity monitoring [8], cycle slip detection and repair [9]
and, especially, for fast ambiguity resolution in relative positioning [10] and absolute
positioning [11,12].

Although multi-frequency joint positioning can bring great advantages, there is still a
thorny problem to be solved in the multi-frequency fusion PPP solution. This is due to the
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fact that the current GNSS satellite clock products are generated based on specific measure-
ments, such as L1/L2 ionospheric-free (IF) combined observations for GPS, resulting in IF
time-varying phase hardware delays in parts of the satellite terminal that are contained in
satellite clock products. When this type of clock product is applied to the third-frequency
observations or more for PPP, the posterior residues on the corresponding frequency show
large fluctuations, namely, inconsistency between the first two frequencies (i.e., L1/L2) and
the third-frequency or more observations. That is, an additional bias on the third-, quad-,
or more frequency observations need to be processed, which is called the inter-frequency
clock bias (IFCB) [13,14]. Montenbruck et al. found that the changing characteristics of the
GPS IFCB time series were related to the relative position of the satellite–Earth–Sun by ana-
lyzing the law of period changes of the GPS IFCB, and the peak amplitudes reached over a
dozen centimeters [13,15]. As for BeiDou-2, small bias variations were also recognized, but
they were generally confined to peak amplitudes of approximately 2 cm. In contrast, the
QZSS, BDS-3, and Galileo were shown to exhibit good consistency with different frequency
carriers [16–19].

In the process of multi-frequency PPP resolution, in order to reduce the computational
burden and avoid the problem of the overestimation of the parameter to be examined,
three methods are traditionally used for GPS IFCB. The first is parametric estimation on the
service side and correction directly in the observation model on the user side [20,21]. The
second is to provide satellite clock products that include a third frequency (L5) [22]. The
third is to reduce the weight of third-frequency observations without IFCB correction, and
this method can be applied to satellites with small IFCB amplitudes such as the BeiDou
system [23]. Considering that the difficulty in satellite clock product estimations and
the advantages of multi-frequency observation data, more choices accompany the first
processing strategy for IFCB. Montenbruck et al. proposed a method for combining the
differences of two different IF combination observations and then estimating the difference
epoch by epoch for the above differences [13]. The advantage of this method is that the
ambiguity term can be eliminated under no cycle slip, and the common datum bias of
each epoch IFCB will be absorbed into the ambiguity parameter. Li et al. proposed an
efficient method derived from the epoch-differenced strategy for fast estimation of IFCBs
for Block IIF satellites, and this method can eliminate the receiver terminal clock bias and
significantly improves the computational efficiency [20,21]. Li et al. proposed a method of
estimating the IFCB constant parts and the time-varying parts separately in view of the
constant parts of the IFCB having a certain stability in the short term, and the constant
part was estimated by three-frequency pseudo-range observations and the time-varying
part by three-frequency phase observations. In reality, whichever method is used for IFCB
estimation, a large number of global uniformly distributed GNSS continuous tracking
stations are required, which is particularly detrimental to multi-frequency real-time PPP
and PPP network solutions [24].

Therefore, the main way to handle IFCB is to build forecast models and make direct
corrections on the user side. Forecast models of IFCB can be divided into two types. The first
one is to study the IFCB time-varying characteristics using the harmonic analysis method
and to establish the linear plus periodic model based on the fitting coefficient to implement
the IFCB prediction. This approach requires the analysis of the IFCB using long time series.
Gong et al. established long-term GPS and BDS IFCB empirical correction models using
long-term GNSS observations, and a fourth-order Fourier coefficient fitting model that
considered both linearity and periodicity was proposed for IFCB sequences [25]. Zhang and
Pan established two function models composed of a linear term and a harmonic term with
seven orders for MEO satellites and six orders for GEO and IGSO satellites to describe the
IFCB variations based on 195 ground tracking stations for a whole year [26]. Another way
to establish an IFCB forecast model is to calculate the IFCB correlation for two different time
segments and then to extract the IFCB cycle’s characteristics and establish the IFCB forecast
model based on the correlation coefficient. Pan et al. studied the time-varying characteristic
of IFCB based on the correlation analysis using datasets from 129 globally distributed Multi-
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GNSS Experiment (MGEX) stations [14]. For the purpose of forecasting IFCB, the IFCB
of the previous day was directly input into the next day in consideration of the periodic
changes in the IFCB sequence. The validation results show that all of the prediction models
could significantly improve the triple-frequency PPP accuracy. Unfortunately, except for the
above IFCB forecasting methods, only a few more effective methods can be used, especially
for the establishment of short-term prediction models.

Considering the time-varying characteristic of the IFCB and the lag characteristics of
the final precision orbit and clock products released by the International GNSS Service
(IGS) analysis centers, the epoch-by-epoch sliding Pearson autocorrelation function was
used to extract the IFCB periodic features. Based on these, a high-precision IFCB short-term
prediction model was established for the GPS Block IIF satellites to handle the problem of
overestimation of the parameter to be estimated in multi-frequency PPP. We started with
the triple-frequency uncombined PPP model that takes the IFCB into account. Subsequently,
the estimation approach of the IFCB was introduced, and some important features were
highlighted. Afterward, a short-term forecast model was constructed on the basis of
analyzing the time-varying characteristics of the IFCB. Finally, a variety of evaluation
methods were used to verify the feasibility of forecasting the IFCB, and the main points
and the conclusions are summarized.

2. Methods

Taking GPS as an example, we first describe the triple-frequency uncombined PPP
models in detail. Subsequently, an IFCB estimation method using three-frequency observa-
tions is successively developed.

2.1. Trible-Frequency Uncombined PPP

The basic model for the original multi-frequency GPS carrier phase and pseudo-range
observations from receiver r to satellite s in units of length is [27]:

Ps,G
r,j = ρs,G

r + c ·
(
dtG

r − dts,G)+ Ms,G
r · Ts,G

r + γG
j · I

s,G
r,1 +

c · (bs,G
r,j − bs,G

j ) + εs,G
r,j

Ls,G
r,j = λG

j ϕs,G
r,j

= ρs,G
r + c ·

(
dtG

r − dts,G)+ Ms,G
r · Ts,G

r − γG
j · I

s,G
r,1 +

λs,G
j (Ns,G

r,j + Bs,G
r,j + ∂Bs,G

r,j − Bs,G
j − ∂Bs,G

j ) + es,G
r,j

(1)

To facilitate the derivation of subsequent formulas, the following expressions are defined:

αG
mn = ( f s,G

m )
2

( f s,G
m )

2
−( f s,G

n )
2

βG
mn = − ( f s,G

n )
2

( f s,G
m )

2
−( f s,G

n )
2

DCBs,G
PmPn

= bs,G
m − bs,G

n

DCBs,G
r,PmPn

= bs,G
r,m − bs,G

r,n

bs,G
IFmn

= αG
mn · bs,G

m − βG
mn · bs,G

n

bs,G
r,IFmn

= αG
mn · bs,G

r,m − βG
mn · bs,G

r,n

∂UPDs,G
PmPn

= ∂Bs,G
m − ∂Bs,G

n

∂UPDG
r,PmPn

= ∂BG
r,m − ∂BG

r,n
∂Bs,G

IFmn
= αG

mn · ∂Bs,G
m − βG

mn · ∂Bs,G
n

∂BG
r,IFmn

= αG
mn · ∂BG

r,m − βG
mn · ∂BG

r,n

(2)

where superscript G denotes a satellite system; Ps,G
r,j and Ls,G

r,j denote the measured code

and carrier phase, respectively; ρs,G
r is the geometric distance; c is the speed of light;

dtG
r and dts,G are the clock offsets of the receiver and satellite, respectively; Ms,G

r is the
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wet mapping function; Ts,G
r is the zenith wet delay; γG

j = ( f G
1 / f G

j )
2 is the frequency-

dependent multiplier factor, which is independent of the satellite pseudorandom noise
code; Is,G

r,1 is the line-of-sight ionospheric delay on the frequency f G
1 ; λs,G

j is the carrier

wavelength on the frequency f G
j ; Ns,G

r,j is the integer phase ambiguity on the frequency

f G
j ; Bs,G

r,j and Bs,G
j are the time-invariance parts of the frequency-dependent receiver and

satellite uncalibrated phase delay (UPD), respectively; ∂Bs,G
r,j and ∂Bs,G

j are the time-varying

parts of the frequency-dependent receiver and satellite UPD, respectively; bs,G
r,j is the code

hardware delay (CHD) from the receiver antenna to the signal correlator in the receiver; bs,G
j

is the CHD from the satellite signal generator to the satellite antenna; εs,G
r,j and es,G

r,j are the

pseudo-range measurement noise and carrier measurement noise, respectively; f s,G
m is the

signal frequency of the mth band of the system G; αG
mn and βG

mn are the frequency-dependent
factors, respectively; DCBs,G

PmPn
and DCBs,G

r,PmPn
are the frequency-dependent satellite and

receiver differential code bias, respectively; bs,G
IFmn

and bs,G
r,IFmn

are the IF combination of

the CHD of the satellite and receiver, respectively; ∂UPDs,G
PmPn

and ∂UPDG
r,PmPn

are the
differences in the time-varying part of the UPD on the differential frequency carrier phase
in the satellite and receiver, respectively; ∂Bs,G

IFmn
and ∂BG

r,IFmn
are the time-varying parts of

IF combination of the UPD in the satellite and receiver, respectively. Other error items, such
as phase center offsets and variations [28], phase windup [29], relativistic effect and tide
loading, were assumed to be precisely corrected with their corresponding models.

Precise satellite clock products are generated by using the combination of IF obser-
vations. The carrier phase hardware delay is considered relatively stable for 24 h or for a
period of time, estimated as a constant, ignoring the time-varying part ∂Bs,G

j . Therefore,

the satellite clock offsets dts,G
IF12

absorbs the IF combination satellite’s CHD bs,G
IF12

and the

time-varying part of IF combination satellite’s UPD ∂Bs,G
IF12

[30].

dts,G
IF12

= c · dts,G + bs,G
IF12

+ ∂Bs,G
IF12

(3)

Equation (3) is substituted into Equation (1) and then linearized using Taylor’s formula.
Moving the known items to the left of the equation and merging the same parameter items
above, the equations on each frequency can be written in detail in the following form.

For pseudo-range observables:

p̃s,G
r,1 = us

r · x + c · dtG
r + Ms,G

r · Ts,G
r + γG

1 · I
s,G
r,1 +

b
s,G
r,1 + ∂Bs,G

IF12
+ εs,G

r,1
p̃s,G

r,2 = us
r · x + c · dtG

r + Ms,G
r · Ts,G

r + γG
2 · I

s,G
r,1 +

b
s,G
r,2 + ∂Bs,G

IF12
+ εs,G

r,2
p̃s,G

r,3 = us
r · x + c · dtG

r + Ms,G
r · Ts,G

r + γG
3 · I

s,G
r,1 +

b
s,G
r,3 + ∂Bs,G

IF12
+ εs,G

r,3

(4)

with 
p̃s,G

r,1 = Ps,G
r,j − ρs

r + dts,G
IF12

+ β12 ·DCBs,G
P1P2

p̃s,G
r,2 = Ps,G

r,j − ρs
r + dts,G

IF12
− α12 ·DCBs,G

P1P2

p̃s,G
r,3 = Ps,G

r,j − ρs
r + dts,G

IF12
− α12 ·DCBs,G

P1P3
− β12 ·DCBs,G

P2P3

(5)
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For carrier phase observables:

l̃s,G
r,1 = us

r · x + c · dtG
r + Ms,G

r · Ts,G
r − γG

1 · I
s,G
r,1 +

λs,G
1 Ns,G

r,1 + Bs,G
r,1 − Bs,G

1 + bs,G
IF12

+ ∂Bs,G
r,1 − β12∂UPDs,G

P1P2
+ es,G

r,1
l̃s,G
r,2 = us

r · x + c · dtG
r + Ms,G

r · Ts,G
r − γG

2 · I
s,G
r,1 +

λs,G
2 Ns,G

r,2 + Bs,G
r,2 − Bs,G

2 + bs,G
IF12

+ ∂Bs,G
r,2 + α12∂UPDs,G

P1P2
+ es,G

r,2
l̃s,G
r,3 = us

r · x + c · dtG
r + Ms,G

r · Ts,G
r − γG

3 · I
s,G
r,1 +

λs,G
1 Ns,G

r,3 + Bs,G
r,3 − Bs,G

3 + bs,G
IF12

+ ∂Bs,G
r,3 − ∂Bs,G

3 + ∂Bs,G
IF12

+ es,G
r,3

(6)

with 
l̃s,G
r,1 = Ls,G

r,1 − ρs
r + dts,G

IF12

l̃s,G
r,2 = Ls,G

r,2 − ρs
r + dts,G

IF12

l̃s,G
r,3 = Ls,G

r,3 − ρs
r + dts,G

IF12

(7)

where us
r is the unit vector of the component from the receiver to the satellite; x is the vector

of the receiver position increments relative to the priori position. For p̃s,G
r,3 , since there is no

difference code bias product between the first and third frequencies, we used two other
DCB products for conversion. Similarly, the receiver clocks are expressed in a form similar
to the satellite clock offsets:

dtG
r,IF12

= c · dtG
r + bG

r,IF12
+ ∂BG

r,IF12
(8)

We substituted (8) into (4) and (6) and merged the same parameter items. The pseudo-
range and carrier phase observation equations can be expressed as follows:

p̃s,G
r,1 = us

r · x + dtG
r,IF12

+ Ms,G
r · Ts,G

r + Ĩs,G
r,1 + τs,G

r,1 + εs,G
r,1

p̃s,G
r,2 = us

r · x + dtG
r,IF12

+ Ms,G
r · Ts,G

r + γG
2 · Ĩ

s,G
r,1 + τs,G

r,2 + εs,G
r,2

p̃s,G
r,3 = us

r · x + dtG
r,IF12

+ Ms,G
r · Ts,G

r + γG
3 · I

s,G
r,1 + IFBr,C + τs,G

r,3 + εs,G
r,3

(9)


l̃s,G
r,1 = us

r · x + dtG
r,IF12

+ Ms,G
r · Ts,G

r − Ĩs,G
r,1 + λs,G

1 Ñs,G
r,1 + es,G

r,1
l̃s,G
r,2 = us

r · x + dtG
r,IF12

+ Ms,G
r · Ts,G

r − γG
2 · Ĩ

s,G
r,1 + λs,G

2 Ñs,G
r,2 + es,G

r,2
l̃s,G
r,3 = us

r · x + dtG
r,IF12

+ Ms,G
r · Ts,G

r − γG
3 · Ĩ

s,G
r,1 + λs,G

1 Ñs,G
r,3 + IFCBs,G

r + es,G
r,3

(10)

with

Ĩs,G
r,1 = Is,G

r,1 − β12 ·DCBs,G
r,P1P2

+ β12 ·
(

∂UPDs,G
P1P2

+ ∂UPDs,G
r,P1P2

)
τs,G

r,1 = 2 · β12 ·
(

∂Bs,G
2 + ∂BG

r,2

)
+ (α12 + β12) ·

(
∂Bs,G

1 + ∂BG
r,1

)
τs,G

r,2 = (β12 − α12) ·
(

∂Bs,G
2 + ∂BG

r,2

)
+ 2 · α12 ·

(
∂Bs,G

1 + ∂BG
r,1

)
τs,G

r,3 = (γ3 + 1) ·
(

∂Bs,G
2 + ∂BG

r,2

)
− (γ2 + γ3) ·

(
∂Bs,G

1 + ∂BG
r,1

)
IFBr,C = (γ3 − 1) · β12 ·DCBs,G

r,P1P2
+ DCBs,G

r,P1P3

Ñs,G
r,1 = Ns,G

r,1 +
(

Bs,G
r,1 − Bs,G

1 + bs,G
IF12
− bs,G

r,IF12
− β12 ·DCBs,G

r,P1P2

)
/λs,G

1

Ñs,G
r,2 = Ns,G

r,2 +
(

Bs,G
r,2 − Bs,G

2 + bs,G
IF12
− bs,G

r,IF12
− γ2 · β12 ·DCBs,G

r,P1P2

)
/λs,G

2

Ñs,G
r,3 = Ns,G

r,3 +
(

Bs,G
r,3 − Bs,G

3 + bs,G
IF12
− bs,G

r,IF12
− γ3 · β12 ·DCBs,G

r,P1P2

)
/λs,G

3

IFCBs,G
r = (α12 + γ3 · β12) ·

(
∂Bs,G

1 · ∂Bs,G
r,1

)
+ β12 · (1− γ3) ·

(
∂Bs,G

2 + ·∂Bs,G
r,2

)
−
(

∂Bs,G
3 + ·∂Bs,G

r,3

)

(11)

In Equations (9) and (10), the recombination ionospheric delay, Ĩs,G
r,1 , absorbs the

receiver differential code bias, the satellite’s ∂UPDs,G
P1P2

and the receiver’s ∂UPDs,G
r,P1P2

; τs,G
r,i

(i = 1, 2, 3) absorbs the time-varying part of the UPD in the first and second frequency,
and this hardware delay bias does not require additional correction or estimation for its
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small magnitude (approximately 2 cm) and relatively low weight for the pseudo-range
observation. Ñs,G

r,i (i = 1, 2, 3) is an ambiguity at the corresponding frequency and absorbs
the time-invariance part of the UPD, receiver differential code bias and the IF combination
of the CHD in the receiver and satellite; IFBr,C is the satellite-independent inter-frequency
bias parameter and, as for the triple-frequency PPP, the hardware biases on the L5 pseudo-
range cannot be completely absorbed into the ionospheric delay, which was lumped in
with the differential code biases between the L1 and L2 pseudo-ranges. IFCBs,G

r is the IFCB
related to the satellite (i.e., the difference between the current clock products computed
with L1/L2 and the satellite clocks computed with L1/L5), and it is noticed for the new L5
signal provided by GPS Block IIF satellites. In order to avoid the increase in computational
burden and consumption of time, the best strategy is to pre-estimate or forecast the IFCB
when one executes triple- or multi-frequency PPP.

2.2. Method of IFCB Estimation

The IFCB is usually estimated by calculating the difference of two IF combination
carrier phase observations. Take for instance the GPS and combining Equation (10), it is
recognized that the difference of the IF combinations of the L1/L2 and L1/L5 carrier phases
is equal to the IFCB plus an ambiguity term [19].

DIF(l̃s,G
r,1 , l̃s,G

r,2 , l̃s,G
r,3 ) = IF(l̃s,G

r,1 , l̃s,G
r,2 )− IF(l̃s,G

r,1 , l̃s,G
r,3 )

= NDIF + IFCBs,G
r

(12)

where DIF(l̃s,G
r,1 , l̃s,G

r,2 , l̃s,G
r,3 ) is the difference in the double IF combination carrier phase ob-

servations; IF(l̃s,G
r,1 , l̃s,G

r,2 ) and IF(l̃s,G
r,1 , l̃s,G

r,3 ) are the IF combination carrier phase observa-
tions on the L1/L2 and L1/L5 frequencies, respectively; NDIF is the phase ambiguity
of DIF(l̃s,G

r,1 , l̃s,G
r,2 , l̃s,G

r,3 ), which includes the constant ambiguity term and a constant phase
hardware delay term. It should be noted that the frequency-related error terms in the
Equation (12) were precisely corrected.

Without the cycle slip occurring, the ambiguity terms and phase hardware delay can
be considered constant for two adjacent calendars or a period of time. Therefore, one can
extract the IFCB through eliminating these constant terms by using the difference method
of two adjacent calendars for the DIF(l̃s,G

r,1 , l̃s,G
r,2 , l̃s,G

r,3 ).

∂IFCBs,G
r = (DIFt(l̃s,G

r,1 , l̃s,G
r,2 , l̃s,G

r,3 )− DIFt−1(l̃
s,G
r,1 , l̃s,G

r,2 , l̃s,G
r,3 ))/β fi f j

(13)

where the ∂IFCBs,G
r is the changing value of the IFCBs,G

r for time t and t− 1; β fi f j
is the

frequency-dependent IF combination coefficient (if GPS, β f1 f3 = −( f G
3 )

2/(( f G
1 )

2 − ( f G
3 )

2
)).

Given that individual stations may be affected by observation noise and unmodeled errors,
an iterative least squares estimation is usually required based on a ground observation
network composed of multiple stations.

In iterative least squares estimation, firstly, the initial value of the ∂IFCB at epoch t
is calculated using the equal weight method based on the group stations; secondly, the
difference between the initial value and the ∂IFCB obtained by each stations is calculate,
and if the residual is greater than the set threshold, the weight of the station is reduced;
thirdly, once more, an adjustment is implemented according to the new weight for each
station; fourthly, the difference between the new adjustment value of the IFCB and ∂IFCB
obtained by each station is calculated again, and if the residual is greater than the threshold,
the weight of the station is reduced again. The second to fourth steps are repeated until
there are no stations left that need to reduce the weight, the iteration is stopped and the last
iteration of the IFCB can be used to recover each epoch IFCB.
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After obtaining an accurate ∂IFCBt value for each calendar, one calendar IFCB is
selected as the reference benchmark. Through the method of accumulation calendar by
calendar, each calendar IFCB containing the same reference benchmark can be recovered.

IFCBt = ∂IFCBt0 +
t

∑
e=t0+1

∂IFCB(e,e−1) (14)

where ∂IFCBt0 is the IFCB of the reference calendar; IFCBt is the final IFCB for correcting
the third- or multi-frequency PPP for GNSS users. It is noted that the recovered IFCB of
each calendar contains a common benchmark deviation but does not affect the PPP solution,
as the bias will be absorbed into the ambiguity parameter. Moreover, in order to obtain
high-precision IFCB estimates, when performing IF combinations for the carrier phase, it is
necessary to select the observed noise scaling minimum combination.

3. Results

The IFCB amplitude of the BDS-3 and Galileo satellite systems varied in magnitudes
of less than 2.0 cm, with negligible effects on multi-frequency PPP localization [14]. The
BDS-2 satellite system’s change magnitude was approximately 4.0 cm, and PPP could
be implemented by reducing the weight of the third-frequency observation value [16].
However, the IFCB change magnitude of GPS Block IIF satellites reached 20 cm, which
must be corrected. Therefore, this study only focused on the modeling forecast of GPS
satellites. We first estimated the IFCB of each GPS Block IIF satellite using global uniformly
distributed GNSS continuous tracking stations. Subsequently, based on the analysis of IFCB
time-varying characteristics, combined with the lag characteristics of the IGS final precise
ephemeris product, a short-term prediction model was proposed for the GPS Block IIF
satellites. The software used to implement IFCB estimation and forecasting was developed
by our team based on the MATLAB tool.

3.1. Extraction of GPS IFCB

In order to ensure the continuity of the IFCB sequence, 162 globally distributed MGEX
continuous tracking stations were selected, and the distribution of these stations is shown in
Figure 1. The daily observations were selected from DOY 112 to 141 in 2020, and all stations
could receive three-frequency signal data with a sampling interval of 30 s. The satellite
and receiver PCO/PCV were corrected using igs14.atx files released by IGS, and the phase
windup was corrected using the empirical model [29]. For the absence of L5 band correction
parameters at the receiver terminal in the antenna file, similar frequency parameters were
used for approximate correction. The detailed processing configurations are presented on
Table 1, which also applies to the performance evaluation of triple-frequency PPP. However,
the G03, G04, G10, G18 and G25 were not involved in the analysis, because the G04 and
G18 are IIA and IIR-A satellites, respectively, and the G03, G10 and G25 satellites have few
data available for the current time period. To facilitate the analysis of IFCB time-varying
characteristics within a single day, only the first 7 days’ IFCB time series are given in
Figure 2.



Remote Sens. 2022, 14, 4130 8 of 18

Figure 1. Distribution of the MGEX stations.

Table 1. GNSS processing configurations for IFCB estimation and evaluation of triple-frequency PPP.

Mode Strategy and Value

Observations/frequencies L1 + L2 + L5
Orbits and clocks Wuhan University

Ionosphere Estimated-slant ionospheric delays (L1)
Zenith tropospheric delay Estimated as random walker and the global mapping function was used

Cut-off 15◦ for IFCB estimation and 10◦ for evaluation of triple-frequency PPP
Observation interval 30 s

Satellite/receiver phase bias
Ambiguity

Constant
Constant/float

Estimation process Kalman filter-forward

Figure 2. IFCB time series of the Block IIF satellites.

The zero clock of the UTC was selected as the reference calendar to recover the daily
IFCB, and the IFCB values of the zero clock were assumed to be 0. When a satellite at a
station experienced cycle slip, the IFCB at the cycle slip calendar and the latter one calendar
were no longer involved in the whole network adjustment calculation. If a satellite did
not transmit a signal for a period of time for its own reasons, the moment that the satellite
relaunched the signal was set to a reference calendar for the IFCB solution. It is noted that
the current IFCB reference value is different from the reference value at the UTC zero clock,
but it did not affect the PPP solution, because all benchmark deviations will be absorbed
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when the ambiguity is initialized. As shown in Figure 2, the change laws of the IFCB
time series for all GPS Block IIF satellites were more consistent, and they all embodied the
periodic characteristics of approximate one sidereal day and approximate half one sidereal
day, respectively, and the IFCBs had good repeatability between adjacent days, showing
strong consistency. Montenbruck et al. expounded that the change regulation of amplitude
was related to the Sun’s elevation above the satellite’s orbital plane [13]. Except for the G24
satellite, the change magnitude of the IFCB amplitude was approximately 12 cm, while the
G24 satellite had a change magnitude of over 20 cm. This bias was difficult to accept for
PPP, where the posterior residual was only at the centimeter level and, therefore, the IFCB
must be corrected.

In order to investigate the difference in the IFCB time series in different days with
the time lag, the IFCB of the first day (DOY 112) was differentiated from the other day,
respectively, and the residual sequence is shown with the example of G01 in Figure 3. It is
clear that the residuals relative to the IFCB time series of the first day gradually increased
over the time lag. When the time lag was 1, 9, 19 and 29 days, the peak-to-peak amplitudes
of the residuals reached 1.13, 3.44, 6.86 and 11.25 cm, respectively. This phenomenon was
because the periods of the IFCB time series on different days were not strictly consistent,
namely, the IFCB on different days shows an approximate period characteristic for all
Block IIF satellites, and this approximation gradually becomes smaller with the increase in
lag time. Following Pan et al. (2016), the IFCB periods of the Block IIF satellites roughly
coincide with their orbital periods, which are close to the length of half a sidereal day [14].
Therefore, when the IFCB of one day is applied to other days, the periodic changes in the
IFCB time series for different days must be considered.

Figure 3. Differences in the daily IFCBs relative the first day for the G01 satellite.

3.2. Time-Varying Characteristics of the IFCB

In real-time data processing or PPP network solutions, simultaneously receiving real-
time data flow and performing IFCB estimation will significantly increase the program’s
execution burden and calculation time, which is not conducive to real-time multi-frequency
PPP and PPP network solutions. Considering that the final precision ephemerides products
released by the IGS analysis centers usually lag no more than 7 days, therefore, in order to
solve these problems, a short-term prediction model based on the epoch-by-epoch sliding
Pearson autocorrelation function was proposed for the IFCB on the GPS Block IIF satellites
according to the lag features of the final precision ephemerides product and the short-term
variation characteristics of the IFCB described above. Firstly, the autocorrelation coefficient
was calculated by the Pearson autocorrelation function [31].

ri =
E((Xd1 − û)(Yd1+i − û))

σX · σY
(15)

In Equation (15), û is the average value of IFCB of all days, which is different from
the standard autocorrelation function; Xd1 is the IFCB time series of the first day, which is
the benchmark time series; Yd1+i is the IFCB time series that sliding i calendars from the
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first epoch, with the same sequence length as Xd1 ; ri is the autocorrelation coefficient of
Yd1+i and Xd1 in the i epoch; σX and σY are the standard deviations for the different time
series, respectively.

The autocorrelation coefficients of the IFCB time series for the GPS Block IIF satellites
are given in Figure 4. As the lag time increased, the autocorrelation coefficient of the
satellite IFCB time series gradually decreased, i.e., the correlation gradually decreased. The
autocorrelation coefficient sequences shows two wave peaks within 24 h (the primary and
secondary peaks, respectively), indicating that there was a major- and subperiod in the
IFCB time series, with approximately one sidereal day and a half-sidereal day, respectively.
This result corresponded to the changing features of the IFCB time series in the GPS
satellite system. To accurately analyze the changing characteristics of the IFCB period, the
epoch moments corresponding to the primary and secondary peaks of the autocorrelation
coefficient time series for each GPS Block IIF satellite were extracted as shown in Figure 6.

Figure 4. Autocorrelation coefficients of the GPS Block IIF satellites.

In order to verify the validity of the IFCB period extracted by the Pearson autocor-
relation function in this paper, a hypothesis test scheme obeying the t-distribution was
set: (1) an IFCB time series of 30 days was divided into two time periods: days 1–15 and
days 16–30; (2) the IFCB time series on days 1 and 16 were used as the benchmark values,
and the autocorrelation coefficient in the two periods of time could be obtained based
on the epoch-by-epoch sliding Pearson autocorrelation function; (3) the epoch moments
corresponding to the peaks of the autocorrelation coefficient could be extracted separately,
thus obtaining two independent samples; (4) suppose that the average period was equal
over the two time periods, namely, H0 : u1 = u2, and the statistics formula and degrees

of freedom were t = |X1−X2|
SX1−X2

and n1 + n2 − 2 = 28, respectively, where X1 and X2 are the

sample means; SX1−X2
is the calculated value, and the resulting t values are shown in Fig-

ure 5; (5) according to the Figure 5, the t values of all satellites were within the acceptance
domain and far less than the threshold, namely, it accepts the original hypothesis, where
the threshold was 1.701, as determined according to the degrees of freedom and confidence
intervals. This indicates that the period of the IFCB time series had good consistency in the
short term for modeling prediction.
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Figure 5. Hypothesis test t values of the IFCB.

The top and bottom panels in Figure 6 exhibit the epoch moments corresponding to
the peaks of the time series of the autocorrelation coefficient for the GPS Block IIF satellite
IFCBs, respectively. As the lag time increased, the epoch moments were not constant but
presented an approximately linear decrease in regularity. The reason for this phenomenon
is that the GPS IFCB sequence period is not a complete 24 h, and the changing characteristics
of the IFCB time series are related to the relative position of the satellite–Earth–Sun. To
analyze the reduction characteristics in detail, the epoch moments corresponding to the
primary and secondary peaks were fitted by linear functions according to the change
characteristics of peak moments for all GPS satellites. As shown in the black, solid lines
in Figure 6, there was excellent agreement between the epoch moments and the linear
function. According to the slope of the fitting function, the mean difference of the peaks
over the adjacent days was approximately 2.62 min for all satellites.

Figure 6. Epoch moments corresponding to the primary peak (top) and secondary peak (bottom) of
the autocorrelation coefficients.
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In order to realize accurate IFCB short-term prediction, a least squares linear fitting
function was performed for each satellite based on the epoch moments corresponding to
the primary and secondary peaks. The primary and secondary peaks were the largest and
second largest places in the time series of the correlation coefficients in one day, respectively.
The fitting results of the primary period and secondary period are shown in Table 2, where
a and b represent the first-order term coefficient and the constant term of the linear function,
and the root mean square (RMS) was calculated by the fitting values and the real values
corresponding to the epoch moments. It is worth mentioning that the primary period and
secondary periods were the epoch intervals corresponding to two adjacent primary peaks
and secondary peaks. The primary and secondary periods are equal in the theory. However,
due to the error, there were small differences between them; thus, we first calculated the
fitting coefficient of each peak moment and then calculated the average to establish the
prediction model. Taking the G01 satellite as an example, when the lag days were n, the
difference of the peak moment was approximately 3.04n min compared to the first day.
Therefore, the differences in the initial moment caused by lagging days need to be fully
taken into account for IFCB prediction. In fact, the periodic features presented by the GPS
Block IIF satellite IFCB basically coincide with the satellite’s own orbital motion period,
which is related to the bias between the solar day and sidereal day and the influence of
other satellite dynamics factors.

Table 2. The fitting results of the primary period and secondary period.

Satellites
Primary Period Secondary Period

a b RMS a b RMS

G01 −3.04 1438.66 0.89 −3.03 721.41 1.11
G06 −2.99 1442.88 1.49 −3.02 723.86 1.91
G08 −2.42 1439.69 4.61 −2.40 720.79 5.84
G09 −3.35 1436.87 2.37 −3.43 719.51 2.09
G24 −4.21 1453.51 3.02 −4.14 734.69 2.39
G26 −2.56 1443.26 3.44 −2.55 723.80 2.80
G27 −2.48 1441.25 4.55 −2.49 723.18 4.21
G30 −3.31 1449.70 0.80 −3.25 729.94 0.99
G32 −3.59 1441.79 1.24 −3.63 722.15 0.51

Pan et al. used the IFCB of the previous day to forecast the current day, and the
prediction accuracy of IFCB was 0.6 cm, which indicated that the IFCBs on different days
were highly related in terms of fluctuation size and periodicity [14]. From the above analysis,
the initial moments of the IFCB time series on different days did not strictly correspond
with the increase in lag time, and there was a regularity bias. When the observation data
used to estimate IFCB were not available in time, it was necessary to implement short-term
modeling forecasts for the IFCB in the current time period. Considering that the release
time of IGS final precision ephemeris products generally lags by 7 days, we used IFCB on
day n to predict IFCB on day n + 7 in view of the periodic regularity changes of the IFCB
time series. To verify and compare the accuracy of the forecast model proposed, the IFCB
of the day n + 7 was directly predicted with the day n without accounting for the IFCB
period change as shown in Figure 7.
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Figure 7. Prediction residual of the IFCB for GPS Block IIF satellites. The blue and red lines indicate
unconsidered periodic variation and considered periodic variation, respectively.

In Figure 7, the computational method of both types of residuals was all relative to the
real IFCB. As shown, when the IFCB prediction was implemented using the first method,
the prediction residue was relatively large, and the statistics displayed that the maximum
IFCB prediction residue was approximately 7.5 cm for all satellites. Especially for the G24
and G30 satellites, the RMS values reached 2.23 and 1.67 cm, respectively. The reason for
this is that the peak and peak moment on different days differed greatly in the IFCB time
series, causing the moment corresponding to the wave peak lagging 7 days to deviate
significantly from the moment corresponding to the first day. However, when the second
approach was adopted, the periodic change characteristics in the lag case was considered,
and the resulting predicted residuals were significantly reduced, especially for the G24 and
G30 satellites, effectively remedying the defects of the first prediction method. The average
RMS of the predicted residual for all satellites was less than 0.50 cm, the minimum RMS
was approximately 0.21 cm and the maximum RMS was approximately 0.79 cm. Compared
to the first prediction method, the average RMS of all satellites decreased by approximately
52.5% when the second method was adopted, which better meets the requirement of
high-precision for real-time multi-frequency PPP and PPP network solutions.

4. Discussion

In order to compare the positioning impact of the actual measurement of IFCB, fore-
casted IFCB and no IFCB correction on three-frequency uncombined PPP, datasets from
38 globally distributed MGEX stations were used to implement the post-processing multi-
frequency PPP performance evaluation. Because the DOY 119 was the first day that could
be used for verifying the prediction performance after a lag of 7 days, GPS observations on
this day were used for triple-frequency PPP performance evaluation. Figure 8 shows the
distribution of these test stations. All these stations could receive GPS three-frequency data,
and the sampling interval of the observed data was 30 s. The precision orbital and clock
were provided by the final products released by Wuhan University (ftp://igs.gnsswhu.cn,
Wuhan, China, 18 April 2020). The precise coordinates of the stations are available in the
file “igs20Pwwwwd.snx” released by IGS. During data processing, three strategies were
used to implement the three-frequency uncombined kinematic PPP and static PPP models:
(1) without IFCB correction (without IFCB); (2) the predicted IFCB with a time lag of 7 days
(with pred-IFCB); (3) the actual measurement of the IFCB (with real-IFCB).

ftp://igs.gnsswhu.cn
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Figure 8. Distribution of the test stations.

The DJIG and YEL2 stations were taken as examples to show the uncombined PPP
posterior residual at the third frequency as shown in Figure 9. Different colors represent
different satellites. If the functional model was accurately established and the various
modeling errors were precisely corrected, the posterior residuals of the three-frequency
PPP should conform to the traditional stochastic noise distribution [32]. Figure 9 shows
that in addition to the observed noise, the unmodeled systematic bias caused by IFCB was
fused to the posterior residuals. When the IFCB correction was applied to three-frequency
PPP, the posterior residuals improved significantly, and the average RMS of all Block IIF
satellites for all stations was reduced from 0.43 to 0.21 cm, approximately 53.8%, which
indicates that the systematic bias caused by IFCB was greatly diminished. In the same way,
when the predicted IFCB with the time lag of 7 days was applied to the three-frequency
PPP solution, the posterior residual was also significantly improved, and the percentage
decrease was approximately 51.3%. The RMS statics show that the forecasted IFCB was
basically the same as the actual measurement of the IFCB, and it could also meet the
high-precision three-frequency uncombined PPP requirements.

Figure 9. Phase observation residuals for triple-frequency uncombined PPP at the DJIG (left panel)
and YEL2 (right panel) stations.

Based on above three schemes, triple-frequency uncombined static PPP and kinematic
PPP post-processing were performed. Table 3 and Figure 10 show the mean coordinate
errors and convergence time series of the GPS static PPP model, respectively, where the
mean coordinate errors were obtained by averaging the coordinate errors time series of the
last two hours of all stations in the 24 h solution, while the convergence time series were
obtained by calculating the quadratic mean epoch by epoch. The analysis shows that the
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positioning accuracy of 24 h PPP solutions under the three schemes was better than 2 cm
in the horizontal direction and better than 3 cm in the vertical direction. Compared with
no IFCB correction, PPP solutions using forecasted IFCB and measured IFCB increased
by 33.2%, 14.3% and 17.2% and 35.1%, 14.9% and 18.7% in the east, north and vertical
directions, respectively. In Table 3, although the positioning accuracy improved at the
millimeter to centimeter scale, it is of great significance to the crustal movement monitoring
required by high-precision positioning [33–35].

Table 3. Mean coordinate residuals of triple-frequency un-combined PPP of three cases (cm).

Solution Strategy E N U

Un-IFCB 1.46 0.92 2.83
Pred-IFCB 0.98 0.79 2.34
With-IFCB 0.92 0.78 2.29

Figure 10. Average convergence time series of static PPP for east (E), north (N), up (U) and three
dimensional (3D) directions.

As shown in the Figure 10, due to the smaller magnitude of IFCB and the larger posi-
tioning errors in the convening stage, the positioning accuracy of the three triple-frequency
PPP cases is at the same level in the first 25 min. By analyzing the convergence time, it
can be seen that without IFCB correction, the solution time required for the coordinate
errors of PPP to reach 10 cm in the east, north and vertical directions was approximately
36, 15 and 48 min, respectively. If the forecasted IFCB was used, the corresponding three
settlement time were approximately 26, 13 and 42 min, respectively. If measured IFCB
was used, the corresponding three settlement times were approximately 24, 12 and 40 min
respectively. The results show that the IFCB bias has a great influence on the convergence
time of GPS three-frequency uncombined PPP, and when the IFCB correction is applied, the
convergence speed can be significantly improved. It is worth noting that the convergence
time was defined as the time required for the coordinate residuals to converge within
10 cm and remain stable in the subsequent epochs. In addition, compared with no IFCB
correction, the IFCB prediction method proposed in this paper can still significantly im-
prove the positioning performance of three-frequency uncombined PPP, especially in the
eastern direction. The main reason may be that the satellite moves from north to south,
and the dilution of precision values in the eastern direction are worse than those in the
northern direction.

For the kinematic PPP solution, the coordinate parameters of the station were esti-
mated by epoch as white noise, which can better reflect the performance of the established
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PPP model [36]. As shown in Figure 11, compared with no IFCB correction, the positioning
accuracy of GPS satellites in the three directions significantly improved when the fore-
casted IFCB and the measured IFCB were used. Statistics show that when the measured
IFCB correction was used, the average RMS of kinematic PPP residual of all stations were
approximately 1.75, 1.73 and 5.14 cm in east, north and vertical direction, respectively,
and the positioning accuracy in horizontal direction and vertical direction improved by
approximately 51.0% and 41.5% compared with no IFCB correction. When the forecast IFCB
correction was used, the average RMS of the kinematic PPP residual was approximately
1.88, 1.81 and 5.50 cm, respectively, the positioning accuracy in horizontal direction and
vertical direction improved by approximately 50.2% and 39.7% compared with no IFCB cor-
rection. It can be seen that IFCB has a significant impact on GPS kinematic PPP, especially
in the east direction. Moreover, the improvement of kinematic positioning performance by
using measured IFCB and forecast IFCB is basically the same. It should be noted that in
the calculation of coordinate residual RMS in this paper, the coordinate residual in the PPP
convergence period was excluded, and the residual data were collected from 2 h.

Figure 11. Kinematic PPP positioning errors for three different directions at HARB.

5. Conclusions

Given that modernized GPS as well as the newly emerging navigation satellite systems
provides triple-, quad-, and multi-frequency signals, but the IGS analysis centers tradition-
ally use dual-frequency, such as GPS L1/L2, ionosphere-free combination model for precise
satellite clock estimation, results in the obtained clock products containing time-varying
parts of ionospheric-free combination uncalibrated phase delay of the satellites. Thus, the
clock product cannot be directly applied to the third-frequency observation value (L5)
for multi-frequency PPP. If the IFCB and receiver coordinates, tropospheric wet delay,
ambiguity and other parameters are estimated together, it will increase the computational
burden and lead to more time consumption, which is especially not conducive to real-time
PPP and PPP network solutions.

To resolve this problem, a month’s observation data from 162 global uniformly dis-
tributed MGEX stations were selected to estimate the IFCB of nine GPS Block IIF satellites.
Based on the analysis of the IFCB time-varying characteristics and the lag characteristics of
the final ephemeris products, a modeling method of short-term IFCB prediction based on
the epoch-by-epoch sliding Pearson autocorrelation function was proposed. The feasibility
of the new method was verified by the Student’s t-distribution, the comparison with the
measured IFCB, posteriori residuals of the third-frequency carrier phase and the kine-
matic/static PPP solutions, respectively. A large number of experiments showed that the
forecasted IFCB with a lag of 7 days had good consistency with the measured IFCB, which
basically improved the positioning accuracy and convergence time of the three-frequency
uncombined PPP with the same effect. Compared to no IFCB correction, the posterior
residual at third frequency was significantly improved when the predicted IFCB correction
was used, and the RMS value decreased by approximately 51.3%. The static and kinematic
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solutions for triple-frequency uncombined PPP in 24 h can be improved by 33.2% and
17.2% and 50.2% and 39.7% in the horizontal and vertical directions, respectively, and the
performance of convergence time also improved.
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