GPS Solut (2017) 21:897-903
DOI 10.1007/s10291-016-0578-1

CrossMark

@

ORIGINAL ARTICLE

Impact of GPS differential code bias in dual- and triple-frequency
positioning and satellite clock estimation

Haojun Li'?

- Bofeng Li' - Lizhi Lou’ - Ling Yang' - Jiexian Wang!'

Received: 20 April 2016/ Accepted: 21 October 2016/ Published online: 26 October 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract The features and differences of various GPS
differential code bias (DCB)s are discussed. The applica-
tion of these biases in dual- and triple-frequency satellite
clock estimation is introduced based on this discussion. A
method for estimating the satellite clock error from triple-
frequency uncombined observations is presented to meet
the need of the triple-frequency uncombined precise point
positioning (PPP). In order to evaluate the estimated
satellite clock error, the performance of these biases in
dual- and triple-frequency positioning is studied. Analysis
of the inter-frequency clock bias (IFCB), which is a result
of constant and time-varying frequency-dependent hard-
ware delays, in ionospheric-free code-based (P1/P5) single
point positioning indicates that its influence on the up
direction is more pronounced than on the north and east
directions. When the IFCB is corrected, the mean
improvements are about 29, 35 and 52% for north, east and
up directions, respectively. Considering the contribution of
code observations to PPP convergence time, the perfor-
mance of DCB(P1-P2), DCB(P1-P5) and IFCB in GPS
triple-frequency PPP convergence is investigated. The
results indicate that the DCB correction can accelerate PPP
convergence by means of improving the accuracy of the
code observation. The performance of these biases in
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positioning further verifies the correctness of the estimated
dual- and triple-frequency satellite clock error.
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Introduction

Due to effects of the environment and frequency-dependent
signal hardware delays at the satellite and the receiver,
there exists biases between different GNSS observations
that are generically named differential code biases (DCBs).
They can be classified into two types, referring to codes
modulated on different carriers or on the same carrier.
Currently, DCBs in GPS observations include: (1)
DCB(P1-P2), i.e., bias between the P1 and P2 observations
(Sardon et al. 1994; Goodwin and Breed 2001; Otsuka
et al. 2002), (2) DCB(P1-P5), i.e., bias between the P1 and
P5 observations and (3) DCB(C1-P1), i.e., bias between
the C1 and P1 observations (Gao et al. 2001). The
DCB(P1-P2) for receivers can be obtained via calibration,
but the satellite DCB(P1-P2) component must be estimated
together with ionospheric model parameters; its accuracy is
influenced by pre-set ionospheric model errors. When
computing, the DCB(P1-P2) values for all GNSS satellites
and receivers are estimated as the constant values for each
day based on the geometry-free linear combinations of
global positioning system observables P1 and P2. Using
multi-GNSS observations and global ionospheric maps, the
DCB(P1-P5) is computed and discussed in Montenbruck
et al. (2014). The DCB for the coarse/acquisition (C/A)
code and the P1 code is labeled DCB(C1-P1). It differs
from DCB(P1-P2) and DCB(P1-P5) since it pertains to the
same carrier. The DCB(C1-Pl) is required to obtain
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consistent parameters when estimated with C1 and P1.
Another type of DCB is the bias between combined signals.
It was noticed in triple-frequency GPS observations pro-
cessing and has been called the inter-frequency clock bias
(IFCB; Montenbruck et al. 2012; Li et al. 2012, 2013) and
is a frequency-dependent satellite hardware delays as
opposed to a receiver and satellite hardware delay. This
satellite IFCB is presented to understand the differences
between satellite clock errors estimated from ionospheric-
free code and carrier phase observations on L1/L.2 and P1/
P2 versus L1/LS and P1/P5, respectively. The satellite
IFCBs can be expressed as a function of satellite DCB(P1-
P2) and satellite DCB(P1-P5) (Li et al. 2016a):

55 DCB*(P1 — P3)
2 f2
1 , 5 (1)

f 2 S
oy DCB*(P1 — P2)
where IFCB® is the satellite IFCB, ¢° is the variation part of
the satellite IFCB, and IFHB?® is the constant part. The latter
term is called inter-frequency hardware bias (IFHB); note
this narrow definition pertains only to the constant part.
Further, f; (i = 1, 2, 5) are the carrier frequencies of P1, P2
and P5, and DCB*(P1-P2) and DCB®(P1-P5) are the
satellite DCB(P1-P2) and DCB(P1-P5). The satellite IFCB,
containing variation and constant part, is estimated from the
GPS code and phase observations. The variation part is
estimated with phase observation, while the constant part is
estimated with code observation. The method of estimating
IFCB differs from that of estimating the DCB(P1-P2),
DCB(P1-P5) and DCB(P1-C1) biases. Although the
satellite IFCB can be expressed as the function of the
satellite DCB(P1-P2) and DCB(P1-P5), it cannot be simply
replaced by the currently available DCB(P1-P2) and
DCB(P1-P5) products. This is due to the facts that: (1) The
DCBs are estimated with as a constant; (2) the DCBs esti-
mation is more complicated than that of IFCB, and the
estimated parameter includes the ionospheric model; and
(3) the accuracy of the DCBs is affected by noise of the code
observation and pre-set ionospheric model error.

In addition to applying DCBs in ionospheric delay
estimation, its potential impact has to be carefully con-
sidered when designing other GNSS applications, such as
precise positioning (Leick et al. 2015; Li et al. 2016b) and
timing (Levine 2008). DCB estimates for GPS satellites
have been routinely published by the International GNSS
Service (IGS) since 1998 (Hernandez-Pajares et al. 2009).
Although new types of biases are noticed as GNSS
develops, these are not provided by IGS. They are very
important for dual- and triple-frequency satellite clock
estimation and positioning. For application of the triple-
frequency observations, the dual- and triple-frequency

IFCB® = ¢° + IFHB® =
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satellite clock estimation method should be further
improved to meet all requirements for positioning. The
performances of the new DCBs in positioning require
further evaluation. Based on these considerations, the
application of the DCBs in dual- and triple-frequency
positioning and clock estimation is discussed and the
method for estimating the triple-frequency uncombined
satellite clock error is presented first. Next the perfor-
mances of DCBs in dual- and triple-frequency positioning
are used to evaluate the estimated satellite clock error.
Finally, the research findings and outlooks are summarized.

Application of the DCBs in dual- and triple-
frequency satellite clock estimation

With development of the precise point positioning (PPP;
Zumberge et al. 1997), dual- and triple-frequency uncom-
bined and combined observations can be used in PPP com-
putation. A dual- and triple-frequency satellite clock errors
service of the uncombined and combined observations
should be provided. But, the current satellite clock is esti-
mated with the ionospheric-free phase (L1/L.2) and code (P1/
P2) observations as provided by IGS (Dow et al. 2009). In
other words, the current clock products are based on the L1/
L2 and P1/P2 observations. To meet all the needs for posi-
tioning, the dual- and triple-frequency satellite clock esti-
mation is introduced in this section based on contributions of
the DCBs to the estimated satellite clock errors. The L1/L.2
and P1/P2 ionospheric-free observation is written as:

IF(L],Lz):p+5r—5S+N1_2-ﬂv1’2+T+81 (2)
IF(P],Pz):p+5r+b§,2*557b§72+]1+(01 (3)

where p is the satellite-to-receiver range, T is tropospheric
delay, 0" and ¢° are the receiver and satellite clock errors in
meter, Ny, is the ambiguity of L1/L2, and 4, is its cor-
responding wavelength, and ¢; and o, are the respective
noises of the L1/L2 and P1/P2 observations. Further, b},
and b}, are the receiver and satellite hardware delays of
P1/P2. In computing, the receiver hardware delay is
absorbed by the estimated receiver clock error, while the
satellite hardware delay is absorbed by the estimated
satellite clock error. The estimated, reparameterized satel-

lite clock error ﬁ is:
0, =0 +b,=0+b + iDCBS(Pl —P2)
12 = 12 = 1T
i =1
1t ~
="+ b} + 57— DCB*(P1 — P2) (4)
fi=f

where b} and b5 are the satellite hardware delay of P1 and
P2, and DCB® (P1-P2) is the satellite DCB(P1-P5).
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Equation (4) shows that the estimated satellite clock con-
tains the satellite DCB. The estimation of the satellite clock
error is carried out as a routine service and the satellite
clock error products are computed using the L1/L2 and P1/
P2 ionospheric-free observations.

For a single-frequency user merely tracking P1, the
satellite clock error is written as:

- 2
5= & + b = 5, — -2 DCB'(P1 - P2) 5)
=55
The satellite clock error of P2 is:
NG s s s f]2 S
0, =0"+by = 51_’2 - > DCB’ (P1 —P2) (6)
=55

In satellite clock estimation, the ionospheric-free phase
and code observations from different types of receivers are
used. While some receivers merely track the C1 and P2
observables, others track P1 and P2. The estimated satellite
clocks using the two types of observables differ since there
is a DCB bias between the C1 and P1 observables. To
maintain the consistency of the estimated clocks, the
DCB(C1-P1) must be applied to the receiver observing C1
and P2. Therefore, for a receiver tracking Cl1 and P2
observations the DCB(C1-P1) should be considered care-
fully in precise undifferenced positioning. For such
observations, the satellite clock error is written as:

Setfpr = 0y 9 — LDCBS -
cp2 = 815 — 521 DCB(CI — P1) (7)
Sl £

For triple-frequency observations, other ionospheric-
free phase (L1/L5) and code (P1/P5) observations can be
written as:

IF(L],Ls):p+5r755+N1_’5')~1’5+T+82 (8)
IE(P,Ps) = p+ 0" + b5 =0 —bjs+ T+ 9)

where N;s is the ambiguities of L1/LS, and 4,5 is its
corresponding wavelength, b} s and b s are the receiver
and satellite hardware delay of P1/P5, and ¢, and w; are the
noises of L1/L5 and P1/P5. Similarly, the estimated satel-
lite clock error can be written as:

12
-1

where DCB* (P1-P5) is the satellite DCB for P1 and P5.
According to definition of the IFCB, the satellite clock
error computed with P1/P5 and L1/L5 also can be written
as:

B s=0+bj5=5+b+ DCB*(P1—P5) (10)

85 =0"+b}5 =20}, +IFCB (11)

Equations (5) to (7) and (11) show that the estimated
satellite clock errors using different observations can be
expressed as a function of the estimated satellite clock error

for L1/L2 and P1/P2 and the DCBs. The time-variant IFCB
and its expression of DCB(P1-P2) and DCB(P1-P5) reveal
the fact: (1) Real DCB(P1-P2) and DCB(P1-P5) are time-
variant; (2) the IFCB cannot be replaced by the current
constant DCB [DCB(P1-P2) and DCB(P1-P5)] products.
Although this is the fact, it does not mean that the constant
DCB products cannot be used in the GPS satellite clock
errors estimation. This can be explained by the fact that the
variation parts of the DCB(P1-P2) and DCB(P1-P5) are
absorbed by the estimated satellite clock errors and iono-
spheric delay model during the satellite clock error and
ionospheric delay processing. Thus, the estimated satellite
clock error of P1 (L1) and P2 (L2) is computed with (5)
and (6) based on the IGS DCB(P1-P2) product and the L1/
L2 and P1/P2 ionospheric-free functions. Similar to com-
puting these satellite clock errors, the computed satellite
clock of the P5 (L5) observation can be written as:

L _pews(p1 — ps)
B
= 0}, +IFCB —J%IFDCBS(PI —P3) (12)
1= Js

Using (5), (6) and (12), the satellite clock errors of the
triple-frequency uncombined observations can be
obtained. The application of the DCBs in dual- and triple-
frequency satellite clock estimation shows that the dual-
and triple-frequency satellite clock estimation includes
transformation terms of DCBs between the reference
observation L1/L.2 and P1/P2 and other raw and combi-
nation observations.

The estimated satellite clock errors are different due to
the effect of the frequency-dependent satellite hardware
delays. To realize consistency of the same estimated
parameters and improve the positioning accuracy, the inter-
transformation method for computing the dual- and triple-
frequency GPS satellite clock is presented based on the
established observation reference (L1/L2 and P1/P2) and
the respective satellite clock products. Using the current
satellite clock products estimated with L1/L.2 and P1/P2,
the satellite clock error of other observations is computed.
Figure 1 shows the flowchart for estimating and trans-
forming the dual- and triple-frequency GPS satellite clock.
Two steps are involved in the dual- and triple-frequency
GPS satellite clock error estimation: estimation and trans-
formation. In the first step, the current satellite clock
products are computed based on L1/L2 and P1/P2 obser-
vations. Using the current satellite clock errors, IFCB, the
DCB(P1-P2) and DCB(P1-P5) products, the transforma-
tion is realized according to (5-7), (11) and (12). In the
transformation processing, the application of the DCBs is

5_22 s —

the major step. The satellite clock errors of d.y o, 5515, a3,

55 and 05 are obtained based on the DCB corrections.
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Fig. 1 Flowchart of application of the DCBs in dual- and triple-
frequency satellite clock estimation

Performance evaluation of DCB in positioning

Biases in the code observation not only affect positioning
but also ambiguity solution. Thus, rigorous modeling of all
error sources affecting carrier phase and code observations
is required in undifferenced processing. Li et al. (2016b)
discuss the performance of DCB(C1-P1) in the C1/P2-
based positioning and show that its influence in the up
direction is more evident than in horizontal directions. The
accuracy improves 50% and reaches decimeter level when
applying DCB(C1-P1) and also accelerates convergence
time by means of improving the accuracy of the code
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observation. Different from the traditional PPP computa-
tion in which the ionospheric-free combinations (L1/L2
and P1/P2) are used, the uncombined PPP computation was
presented in Teunissen et al. (2010). In this strategy, the
raw phases of L1 and L2 and codes of P1 and P2 are
processed and the ionospheric delay is estimated together
with station coordinates, receiver clock, zenith tropo-
spheric delay and ambiguities. In that PPP computation, the
DCBs dominate the PPP performance. Thus, the perfor-
mances of DCB(P1-P2), DCB(P1-P5) and IFCB in the
triple-frequency PPP are investigated to study their role
and significance in dual- and triple-frequency positioning
and satellite clock estimation. To evaluate the estimated
triple-frequency satellite clock, the performance of the
IFCB in the P1/P5-based single point positioning (SPP) is
also studied. Five days, April 26-30, 2016, of triple-fre-
quency GPS data was collected in Urumqi for processing.
The data are sampled at 30 s, and cutoff elevation is set at
10°. The triple-frequency GPS data set from 40 IGS sta-
tions is processed to estimate the satellite IFCB. Figure 2
shows the distribution of these 40 stations.

Performance of IFCB in the P1/P5-based SPP

The undifferenced P1/P5 observations are processed to
study the performance of IFCB in SPP. In processing, we
take the elevation-dependent function as follows:

_[1/e? 30°<0<90°
w(0) = {2sin(0)/02

10° <0<30° (13)
where 0 is the satellite elevation; ¢ is the standard devi-
ations of P1/P5. The corrections such as earth rotation,
earth tides and relativistic effects are implemented. The
tropospheric delay is corrected using the Saastamoinen
model. An estimator of least squares is used to solve the
epoch-wise coordinates in two strategies labeled #1 and
#2. No IFCB correction is applied in strategy #1, while
the IFCB is corrected according to (11) in strategy #2.
The IFCB is estimated with the triple-frequency obser-
vations from 40 IGS stations according to the method in
Li et al. (2016a). In both strategies, the IGS final clock
and orbit products are used. The RMSs of SPP solution
with respect to the ground truth coordinates are computed
for three coordinates of north, east and up and are shown
in Table 1. Comparing the results of the two strategies, it
is observed that significant improvements are achieved in
all three coordinate components when the IFCB is cor-
rected. Similar to the effect of other DCBs on positioning,
the effect of the IFCB in the up direction is more obvious
than in the north and east directions. The relative
improvements are about 29, 35 and 52% for north, east
and up components.
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Fig. 2 Distribution of the 40
IGS stations tracking GPS
triple-frequency signals
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Table .1 RMS (m) for two Date #1 #2 Improvement

strategies. The strategy #1 does

not apply the IFCB corrections, North East Up North East Up North East Up

while strategy #2 applies the

estimated IFCB April 26, 2016 0.91 0.61 1.44 0.61 0.42 0.73 0.30 0.19 0.71
April 27, 2016 0.83 0.59 1.46 0.63 0.37 0.69 0.20 0.22 0.77
April 28, 2016 0.81 0.63 1.50 0.59 0.38 0.71 0.22 0.25 0.79
April 29, 2016 0.85 0.57 1.45 0.60 0.40 0.72 0.25 0.17 0.73
April 30, 2016 0.88 0.62 1.60 0.62 0.41 0.70 0.26 0.21 0.90
Mean 0.86 0.60 1.49 0.61 0.40 0.71 0.25 0.21 0.78

Performance of DCBs in triple-frequency PPP

Since the DCB corrections can improve the accuracy of the
code observation, we study the performance of DCB(P1-
P2), DCB(P1-P5) and IFCB in triple-frequency PPP con-
vergence. For a triple-frequency user, different raw
observations and combinations can be used to realize PPP
computation. Although the ionospheric-free combination
could be combined between any two frequencies, the two
groups of ionospheric-free combinations (L1/L2 & P1/P2
and L1/L5 & P1/P5) are used. This choice is related to the
noises and correlations of the related observations. For
example, the noise of the L2/L5 and P2/P5 functions is
magnified about 21.9 times which makes the function unfit
for high-accuracy positioning computation. The same data
sets, i.e., 5-day (April 26-30, 2016) data collected in
Urumgqi, are processed using two strategies labeled #3 and
#4. In strategy #3, the ionospheric-free functions (L1/L2 &
P1/P2 and L1/L5 & P1/P5) are used, while in strategy #4,
the triple-frequency raw phase (L1, L2, L5) and code (P1,
P2, P5) observations are used. The DCB(P1-P2), DCB(P1-
P5) and IFCB are ignored (IG) and corrected (CO) for each
strategy, respectively. The DCB(P1-P2), DCB(P1-P5) and
IFCB are corrected according to (5), (6), (11) and (12). The
elevation-dependent weighting function (13) is applied
with different standard deviations as shown in Table 2 for
phase and code observations. We test the different variance

ratios considering the fact that the code precisions could be
remarkably differed by receiver types and may signifi-
cantly improve with receiver technology development.
Also, different variance ratio settings are used to study the
role and significance of the DCBs in the triple-frequency
PPP computation. The data are processed in the static
mode, where the earth tides, the relativistic effects and the
antenna phase center offset are corrected with classic
models. The Saastamoinen model is used to get the a priori
correction. The remaining wet part of tropospheric delay is
estimated as a constant per 1 h. In uncombined PPP com-
putation, the slant path ionospheric delay is epoch-wise
estimated. The convergence time is defined as the elapsed
time when the estimated coordinate errors in the north, east
and up directions are smaller than 10 cm. The convergence
times of two strategies #3 and #4 are shown in Table 2.
The results in Table 2 show that the convergence time
becomes longer with increasing code weights when the
DCB(P1-P2), DCB(P1-P5) and IFCB are not corrected.
However, if these corrections are applied, the convergence
time shortens when the code weights increase. The result
indicates that the correction of the bias in the code and
phase observation and the setting of code weights are very
important, and the reasonable weights should be taken to
obtain the optimal solutions. Therefore, we should use the
stochastic model evaluation method to re-assess the
stochastic modeling of the used GNSS receivers in the real
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Table 2 Convergence time (min) for strategy #3 with corrections ignored (IG) and corrected (CO). gp and o denote the standard deviations of

the raw phase (L1, L2, L5) and code (P1, P2, P5) observations in meter

op ac April 26, 2016 April 27, 2016 April 28, 2016 April 29, 2016 April 30, 2016
IG Cco 1G (6(0) 1G Cco 1G (60) IG (60)
0.001 0.50 315 315 29.5 29.5 26.0 26.0 28.5 28.5 25.0 25.0
0.001 0.20 32.0 30.0 30.0 28.0 27.5 25.5 29.5 28.0 26.0 24.0
0.001 0.10 34.0 29.5 335 27.5 28.0 24.5 30.5 27.0 29.0 23.0

application. Comparing the results of #3 and #4, we see
that their convergence time is approximately equal. This
verifies the equivalence between the uncombined and
combined triple-frequency PPP processing. So far, twelve
BLOCK IIF satellites have been in operation and the
number of visible BLOCK IIF satellites is less than 6 at a
time. Although the improvement documented here cannot
effectively demonstrate the triple-frequency contribution to
positioning, it shows the effect of the DCB(P1-P2),
DCB(P1-P5) and IFCB on the estimated satellite clock
error and it also indicates that the DCB(P1-P2), DCB(P1-
P5) and IFCB corrections are meaningful for precise
positioning.

Conclusion and discussion

There are biases in GPS observations due to a different
influence of space environment and hardware delays of
satellite and receiver. The modernized GPS satellites pro-
vide signals on three or more carrier frequencies. The new
bias, for example the GPS IFCB, which contains changing
and a constant part IFHB, is noticed. The characteristics of
the DCBs and their application in dual- and triple-fre-
quency satellite clock estimation are introduced. Mean-
while, a method for estimating the satellite clock errors of
the triple-frequency uncombined observations is presented.
The variation of IFCB reveals that the real DCB(P1-P2)
and DCB(P1-P5) vary with time. But using the current
constant DCB(P1-P2) and DCB(P1-P5) estimation prod-
ucts does not affect the application of DCB(P1-P2) and
DCB(P1-P5) in the satellite clock estimation of uncom-
bined observations and the uncombined observations-based
positioning. This can be explained by the fact that the
variational parts of DCB(P1-P2) and DCB(P1-P5) are
absorbed by the estimated clock in satellite clock estima-
tion. To evaluate the estimated satellite clock error, the
performance of IFCB in P1/P5-based SPP is studied. The
results show that the effect of IFCB on the up direction is
more evident than on the north and east directions. The
improvements are about 29, 35 and 52% for north, east and
up components. Aiming at validating the role and
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significance of the DCBs in the triple-frequency uncom-
bined clock error estimation and validating the contribution
of the code observation on PPP convergence, the perfor-
mance of DCB(P1-P2), DCB(P1-P5) and IFCB in the
triple-frequency combined and uncombined PPP conver-
gence was studied. The results indicate that the DCB cor-
rections benefit PPP initialization. The performance of
DCBs in dual- and triple-frequency positioning also veri-
fies the correctness of the method for estimating satellite
clock error.
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