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Abstract The current satellite clock products are com-
puted using the ionosphere-free phase (L1/L2) and code
(P1/P2) observations. Thus, if users conduct undifferenced
positioning using these clock products together with Cl
and P2 observations, the differential code bias (DCB)
(C1-P1) should be properly compensated. The influence of
DCB (C1-P1) on the undifferenced ambiguity solutions is
investigated. Based on the investigation, we propose a new
DCB (C1-P1) estimation method. Using it, the satellite
DCB (C1-P1) can be computed. A 30-day (DOY 205-234,
2012) dual-frequency GPS data set is processed to estimate
the DCB (C1-P1). Comparing the estimated results with
that of IGS DCB products, the accuracy is better than
0.13 m. The performances of DCB (C1-P1) in the code-
based single-point positioning, precise point positioning
(PPP) convergence and wide-lane uncalibrated phase delay
(UPD) estimation are investigated using the estimated
DCB (C1-P1). The results of the code-based single-point
positioning show that the influence of DCB (C1-P1) on the
up direction is more evident than on the horizontal direc-
tions. The accuracy is improved by 50 % and reaches to
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decimeter level with DCB (C1-P1) application. The per-
formance of DCB (C1-P1) in PPP shows that it can
accelerate PPP convergence through improving the accu-
racy of the code observation. The computed UPD values
show that influence of DCB (C1-P1) on UPD of each
satellite is different, and some values are larger than 0.3
cycles.

Keywords Differential code bias (DCB) - Precise point
positioning (PPP) - Single-point positioning (SPP) -
Uncalibrated phase delays (UPDs)

Introduction

In addition to systematic atmospheric errors, three typical
kinds of biases are involved in precise point positioning
(PPP) of global navigation satellite systems (GNSS): initial
phase bias, inter-frequency bias and differential code bias.
They have been extensively studied in the recent years. In
traditional PPP processing (Zumberge et al. 1997), the real-
valued undifferenced ambiguities (absorbing the initial
phase biases) for the ionosphere-free carrier phase are
estimated together with station coordinates, receiver clock
and zenith troposphere delay (ZTD). In order to recover the
integer characteristics of undifferenced ambiguity and then
improve the positioning accuracy, these initial phase biases
must be firstly extracted and then provided to PPP users
(Ge et al. 2008; Geng et al. 2010; Zhang et al. 2013). A
significant inconsistency between triple-frequency carrier
phases, named here inter-frequency clock bias, was
observed for the GPS and Beidou systems by the GNSS
community (Montenbruck et al. 2012, 2013; Li et al.
2013a, b). For estimation of ionospheric delay or total
electron content (TEC) using code observation, the
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between-frequency differential code biases (DCBs; P1-P2
or C1-P2) are computed (Sardon et al. 1994; Goodwin and
Breed 2001; Otsuka et al. 2002). These DCBs are also
important in the single-frequency positioning to compen-
sate the hardware delays (Bree and Tiberius 2012). In
addition, another kind of DCB from C1 and P1 observation
on one frequency is also noticed (Gao et al. 2001) to obtain
the consistent parameters estimated with C1 and P1.

In satellite clock estimation, the ionosphere-free phase
and code observations from different types of receivers are
used. While some receivers merely track the C1 and P2
observables, other receivers track P1 and P2. The estimated
satellite clocks with the two types of observables are dif-
ferent, since there is a DCB bias between the C1 and P1
observables. To maintain the consistency of the estimated
clocks, the DCB of C1-P1 must be applied to the receiver
observing C1 and P2. Currently, the satellite clock products
are computed by using the ionosphere-free phase (L1/L2)
and code (P1/P2) observations. For a receiver just tracking
C1 and P2 observations, the DCB (C1-P1) should be
considered carefully to realize precise undifferenced posi-
tioning. Since the high-quality float ambiguity solution
depends on the quality of the observation and the rigorous
modeling of error sources, it is rather important to study the
biases in the ionosphere-free code combination. A 30-day
(DOY 205-234, 2012) dual-frequency GPS data set col-
lected with two types of receivers on eight stations from
European Reference Frame (EUREF) Permanent Network
(EPN) is processed to show the effect of the DCB (C1-P1)
on the estimated undifferenced ambiguity value. The per-
formances of the DCB (C1-P1) in the code-based single-
point positioning (SPP), PPP convergence and wide-lane
(WL) ambiguity are analyzed using the estimated DCB
(C1-P1). First, we outline the mathematical models for
computing the C1-P1 DCBs, and then processing and
analysis are presented. Finally, some conclusions are given.

Mathematical models

Considering the contribution of code observation to GNSS
ambiguity, many methods can be used to compute the
undifferenced ambiguity. The ionosphere-free phase
ambiguity can be estimated using PPP and by differencing
the ionosphere-free phase and code observations. There is a
difference between the satellite clocks estimated with the
ionosphere-free phase (L.1/L2) and code (P1/P2) versus the
ionosphere-free phase (L1/L2) and code (C1/P2), and the
difference is a scaled satellite DCB (C1-P1). The scaled
DCB (C1-P1) will affect the estimated ambiguity values,
when these satellite clocks estimated with different com-
binations are used to realize PPP. Based on this
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consideration, a new method for estimating the DCB
(C1-P1) is presented.

DCB (C1-P1) estimation

For a receiver tracking Cl and P2 observations, for
example, the receivers of LEICA GRX1200 4+ GNSS and
NOV OEMV3, one can also form the ionosphere-free
phase and code combinations:

IF(Li, L) =p+T+06,— 0 +N-A+upd) + ¢, (1)
IF(Ci,Py) =p+ T+ — 5 +e (2)

where p and T are the geometric range and tropospheric
delay between receiver and satellite, J, and §° are the
receiver and satellite clocks of the ionosphere-free com-
binations L1/L2 and C1/P2, respectively, N is the iono-
sphere-free carrier phase integer ambiguity and its
corresponding wavelength is A, upd; is the uncalibrated
phase delays (UPDs) of receiver and satellite, ¢, and ¢, are
the noises of the ionosphere-free phase and code observa-
tions. Differencing the ionosphere-free code and phase
combinations (1) and (2), the geometric range, tropospheric
delay and clocks of receiver and satellite are canceled,
giving:

n=1IF(Ly,L,) — IF(Ci,P>) + &, — & (3)

where n = N - 1 + upd;. Assuming the same satellites are
tracked and no cycle slip exists over m epochs, the ambi-
guity is computed as:

n= z’”: we x (IF(Ly, Ly) — IFk(Cl,Pz))]/Zm: we  (4)

k=1

where wy is the weight of the difference between the ion-
osphere-free phase and code observations. The subscript &
denotes the epoch number. We take the elevation-depen-
dent function as follows:

_{1/at +ap
w(0k) = { 2sin(0y) /0% + o5

30° <0, <90° (5)
10° < 0, <30

where 0 is the satellite elevation, ¢, and ¢, are the stan-
dard deviations in zenith of ionosphere-free code and
phase, respectively.

In clock estimating, the ionosphere-free combinations
L1/L2 and P1/P2 are used and the satellite clock products
can be written as:

=04+ (6)
_ R

TR
lite DCB(C1-P1), the DCB? is the satellite DCB, and 6° is

where b* DCBY is the bias introduced by the satel-
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the satellite clock of L1/L2 and P1/P2. When the clock
product is directly applied, the used observations formed
with C1 and P2 can be rewritten as:

TF(Ly, o) = p+ T+ 06, = 0"+ (N - 2+ upd; + b') + 5
(7)
F(CI’PZ):p+T+5r_§+SC (8)

Based on (7) and (8), the PPP computations or differ-
encing is implemented and the b* is not corrected; the real-
valued undifferenced ambiguity is:

n=N-A+upd +b'=n+"b' 9)

Inserting the estimated 7 into (4), the term of ambiguity
is removed and the satellite bias is computed:

b'=n

— <i [Wk X (IFk(Ll,Lz) — IFk(Cl,Pz))]/i Wk>

k=1 k=1
(10)

Equation (10) shows the difference between the two
sets of ionosphere-free phase ambiguity resolved with
(1), (2) and (7), (8). It can be explained that there is a
difference between (2) and (8), due to considerations of
the different satellite clocks estimated with the obser-
vations of L1/L2 and C1/P2 and the observation of
L1/L2 and P1/P2. Because of the contribution of the
code observation to the ambiguity, the two sets of ion-
osphere-free phase ambiguities have a bias. Based on (7)
and (8), the PPP computation is implemented and the
DCB (C1-P1) is retrieved using (8); PPP results of
receiver clock, tropospheric delay and geometric range
are given in Tang et al. (2011). The ambiguity n in (3)
also can be obtained by PPP based on (1) and (2) and the
satellite clock of L1/L2 and C1/P2. However, the current
satellite clock products come from the observations of
L1/L2 and P1/P2. When the IGS satellite clock is used to
obtain the ambiguity n, the DCB (C1-P1) must be cor-
rected. So, the difference between (1) and (2) is used in
DCB (C1-P1) estimation.

It is assumed that there are [ stations in the network. For
each station, the satellite bias »* can be computed. The
mean bias can be calculated by averaging b° over the
network:

!

Fst(i)/Z (11)
i=1

where i is station number, b° is the average of the bias.

Equation (6) indicates b° is a scaled DCB (C1-P1):

f12
bs =
le f22

DCB(CI — P1)* (12)

Equation (12) shows that once the bias b° is obtained,
one can compute the satellite DCB (C1-P1) as:

7 "

When the observations are collected from a network, the
DCB can be calculated by the mean bias.

DCB(C1 — P1)* =

Effect of DCB (C1-P1) on WL ambiguity

The Hatch—Melbourne—Wiibbena observation (Hatch 1982;
Moulborne 1985; Wiibbena 1985) is used to estimate the
wide-lane (WL) uncalibrated phase delay (UPD) and the
WL ambiguity in PPP ambiguity fixing. To realize PPP
ambiguity fixing, the WL ambiguity must be consistent
with the ionosphere-free phase ambiguity. As discussed
above, the bias in the code observation also dominates the
WL ambiguity and UPD estimation values. Thus, different
strategies for considering DCB (C1-P1) should be imple-
mented according to the used code observation and satellite
clock products in undifferenced processing. If PPP com-
putation is implemented using (1) and (2), it is not neces-
sary to consider the DCB (C1-P1) in WL ambiguity and
WL UPD estimation and the observation C1/P2 dominates
the undifferenced ambiguity. In this case, the satellite clock
estimated with L1/L2 and C1/P2 should be used. When (7)
and (8) are used to realize PPP, the undifferenced Hatch—
Melbourne—Wiibbena observation can be written as:

‘ N f )
N, w/1w + dt‘: r— Ly — L
P, </1 AT RRT

DCB(C1 — P1) -7 jjif P2>
J1 2

7( fi A
fith ' fith
f B
7L DCB(CI = P1)

=L,—P,+
(14)

where L,, and P,, are WL phase and code observations, N,,
and /,, are WL integer ambiguity and wavelength, upds, , is
WL UPD from receiver and satellite. The effect of DCB
(C1-P1) on the WL UPD can be expressed as:

A -
Aupd = s DCB(C1 — P1) /A,
~ine( DCB(C1 —Pl)/)»w> (15)
1 t+/2

where Aupd is the influence of DCB (C1-P1) on the WL
UPD, int is a function returned an integer.

Data processing

To evaluate the presented strategy, the 30-day (DOY
205-234, 2012) GPS dual-frequency data collected with
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Table 1 Information of the Station Longitude and latitude Receiver Code observation
eight stations

LARM 22.39°; 39.61° LEICA GRX1200 4+ GNSS Cl + P2

MOPS 10.95°; 44.63° LEICA GRX1200 4+ GNSS Cl + P2

ROVE 11.04°; 45.89° LEICA GRX1200 4+ GNSS Cl + P2

MALA 355.61°; 36.73° LEICA GRX1200GGPRO Cl + P2

MALL 2.62°; 39.55° LEICA GRX1200GGPRO Cl + P2

EVPA 33.16°; 45.39° NOV OEMV3 Cl + P2

KTVL 33.97°; 44.39° NOV OEMV3 Cl + P2

SMLA 31.87°; 49.20° NOV OEMV3 Cl + P2

sampling interval of 30 s and cutoff elevation of 10° from
eight stations of EPN are processed. The information of
these eight stations is shown in Table 1, for which, two
types of receivers are involved. In processing, the IGS
(Dow et al. 2009) orbit and clock products are used. Pre-
processing of phase data for detecting cycle slip is based on
the Hatch—-Melbourne-Wiibbena and geometry-free
(L1-L2) combinations.

DCB (C1-P1)

According to the theory provided above, the bias b* is
computed, where we must compute the precise undiffer-
enced ambiguity 7 first. An observation span of greater
than 3 h is taken to compute the converged ambiguity. The
means and standard deviations (STD) of the biases for all
satellites are computed based on the 30-day daily bias
results. The results for two types of receivers of LARM,
ROVE and SMLA are illustrated in Fig. 1.

Figure 1 shows that the DCB (C1-P1) indeed exists for
all satellites though with different magnitudes. Most of
biases are stable with generally smaller than 10-cm STDs,
especially for the ROVE. In traditional PPP computation,

3.00 T 7T

the satellite clocks come from L1/L2 and P1/P2. If the
observation from a receiver that merely tracks the C1 and
P2 is processed, the DCB (C1-P1) correction should be
considered carefully so that it does not affect the PPP
ambiguity and also the positioning solution. It is observed
from Fig. 1 that the biases of each satellite are different and
the values of the same satellite estimated with different
stations are nearly equal. These results further indicate that
the biases are satellite dependent. The small difference
between the values estimated for different stations can be
explained by the influence of the code observations on the
accuracy of the estimated bias. The means of these biases
are computed with (11) for all satellites using eight net-
work stations, and then the DCBs are calculated with (13).
The calculated DCB and IGS products are compared and
the differences are shown in Fig. 2. The differences indi-
cate that the estimated DCBs are better than 0.13 m.

Performance of DCB (C1-P1) in SPP
Biases in the code observation not only affect code

observation-based positioning but also affect the ambiguity
solution. This requires rigorous modeling of all error

200
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Fig. 1 Means and STDs of the bias b* for LARM, ROVE and SMLA
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Fig. 2 Difference between the

T
estimated DCB and IGS product * *
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sources affecting carrier phase and code observations in
undifferenced processing (Banville et al. 2013). Thus, the
performance of DCB (C1-P1) in SPP is investigated to
study its effect on code observation. The ionosphere-free
model (8) of C1 and P2 code observations is used. A
5-day (DOY 245-249, 2012) data set from the station
DUTH of EPN is processed epoch by epoch. The eleva-
tion-dependent weights for the ionosphere-free code
observations are determined. The corrections, earth tides,
relativistic effects and antenna phase center offsets are
implemented. The tropospheric delay is corrected using
the Saastamoinen model. A least square technique is used
to solve the epoch-wise coordinates in the two strategies.
In strategy #1, no DCB correction is applied, while in
strategy #2, the estimated DCBs from eight stations in
Table 1 are used. In all strategies, the IGS final clocks
and orbits are used.

The RMS values of SPP solution errors with respect to
the ground truth coordinates are computed for the coordi-
nate components north, east and up. As shown in Table 2,
comparing with strategy #1 without DCB corrections,
significant improvements are achieved in all three coordi-
nate components for strategy #2 with DCB corrections. The
improvements are similar for both strategies, and the rel-
ative improvements are about 58, 43 and 57 % for north,
east and up components. The performance results also
show that the influence of the DCB (C1-P1) on the up
direction is more obvious than on the north and east
directions.

10111213 14 1516 17 1819 20 21 22 23 24 25 26 27 28 29 30 31 32
Satellite PRN

Performance of DCB (C1-P1) in PPP convergence

We study the performance of the DCB (C1-P1) in the PPP
convergence. The same data sets, 5-day (DOY 245-249,
2012) from DUTH, are processed following the observa-
tion Egs. (7) and (8). Two strategies, #3 and #4, are
designed, for which the bias of combined DCB (C1-P1) is
ignored and corrected, respectively. The elevation-depen-
dent weighting function is applied with different standard
deviations (Table 3) for ionosphere-free code and phase in
zenith, although the 1:100 variance ratio for the phase to
code observations is generally taken into account (Haus-
child and Montenbruck, 2009; Zhang et al., 2011). We test
the different variance ratios considering the fact that the
code precision could be remarkably different for different
receiver types and may significantly improve with the
receiver technology development (Li et al. 2008).

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 Saas-
tamoinen model is used to get the a priori correction, and
the remaining wet part is estimated by setting up a piece-
wise constant (PWC) at an interval of 1 h. The conver-
gence 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 are shown in Table 3.

Table 3 shows that the convergence time becomes
longer with increasing code weights when the bias of the

Table 2 RMS (m) and RMS

DOY #1 #2 Improvement
improvement (m) between the
two approaches North East Up North East Up North East Up
245 0.74 0.50 1.57 0.31 0.28 0.63 043 0.22 0.94
246 0.74 0.50 1.70 0.33 0.27 0.67 0.41 0.23 1.03
247 0.84 0.53 1.52 0.34 0.28 0.70 0.50 0.25 0.82
248 0.75 0.51 1.61 0.31 0.28 0.66 0.44 0.23 0.95
The strategy #1 without DCB 249 0.71 0.53 1.61 0.29 0.27 0.65 0.42 0.26 0.96
corrections, while strategy #2 Mean 076 051 160 032 028 066 044 023 094

with estimated DCB
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Table 3 Comparison of

246 247 248 249

#3 #4 #3 #4 #3 #4 #3 #4

A ) Op Oc 245
convergence time (min)
#3 #4
0.003 3.00 17.5 17.5
0.003 1.50 17.5 17.5
0.003 0.60 21.0 17.5
op and o denote the standard 0.003 0.30 28.0 17.0
deviations of ionosphere-free 0.003 0.15 375 16.5

15.5 15.5 19.0 19.0 18.5 18.5 21.0 21.0
17.0 15.5 19.0 19.0 18.5 18.5 21.0 21.0
18.0 15.0 19.0 19.0 18.5 18.5 21.0 21.0
26.0 13.5 19.0 18.5 21.0 18.5 21.0 21.0
41.0 13.5 42.5 16.5 345 17.5 30.5 19.5

phase and code observations ()

scaled DCB is not corrected. This makes sense since the
bias of the scaled DCB in the code observation will bias the
solutions more significantly when the code weights become
larger. However, if the bias is corrected, the convergence
time shortens when the code precision decreases to 0.15 m.
The result reveals that the reliable and high-quality PPP
solution depends on all error sources affecting code
observations. The result also advices that the setting of
code weights is very important and reasonable weights
should be taken to obtain optimal solutions (Seepersad and
Bisnath 2014). Therefore, in the real application, one
should apply the stochastic model evaluation method to re-
assess the stochastic modeling of the used GNSS receivers
(Wang et al.1998, 2002; Li et al. 2008). This is, however,
beyond our scope in this study.

Performance of DCB (C1-P1) in WL UPD estimation

Much research focuses on dealing with the UPD and
recovering the integer characteristics of PPP ambiguity (Ge
et al. 2008; Collins 2008; Laurichesse et al. 2009; Teun-
issen et al. 2010; Zhang et al. 2013). The PPP ambiguity is
fixed by fixing the WL and narrow-lane (NL) ambiguities,
which needs to estimate the UPDs of WL and NL ambi-
guities. We design two strategies #5 and #6 to study the
performance of the scaled DCB (C1-P1) in WL UPD
estimation. In strategy #5, the bias is corrected, but in

strategy #0, it is not corrected. The data of DOY 245, 2012
from all IGS stations in Fig. 3 are used to compute WL
UPDs. The result is illustrated in Fig. 4. It shows that the
estimated WL UPDs with and without bias corrections are
different, which further demonstrates that the DCB affects
the accuracy of the UPDs and the DCB should be con-
sidered in estimation of UPD. The difference can be
explained with the effect of DCB (C1-P1) on the undif-
ferenced ambiguity. To maintain consistency between the
ionosphere-free and WL ambiguities, the DCB (C1-P1)
correction does not need to be considered in UPD and WL
ambiguity estimations when (1) and (2) and the satellite
clock from L1/L2 and C1/P2 are used in PPP. The DCB
(C1-P1) correction should be considered when (7) and (8)
and the satellite clock from L1/L2 and P1/P2 are used in
PPP. The influence of DCB (C1-P1) on the WL UPD is
computed according to (15) and shown in Table 4. The
values in the table indicate that the influence of DCB
(C1-P1) on each satellite is different, and some values are
larger than 0.3 cycles. This tells us that the DCB (C1-P1)
should be considered carefully in PPP ambiguity resolution.

Conclusions and discussion

A strategy for estimating DCB (C1-P1) and the perfor-
mance evaluation in terms of SPP accuracy, PPP

Fig. 3 Distribution of the IGS
stations used in estimation of
WL UPDs. Red dots denote the
stations tracking the signals of
P1 and P2, and green dots the
stations tracking the signals of
Cl1 and P2
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Fig. 4 Estimated WL UPDs 0.75 1 1 T T 1 T T 1 T T T 1 T T T T T T T T T T T T T T T T 1
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Table 4 Influence (Aupd) of Satellite PRN  Aupd Satellite PRN  Aupd Satellite PRN  Aupd Satellite PRN  Aupd

the DCB (C1-P1) on the WL

UPD for DOY 245, 2012 (cycle) 1 _ 0.041 3 —0.081 0.239
5 0.385 0.055 7 0300 8 —0.090

—0.002 10 —-0.391 11 0.099 12 0.303

13 0289 14 0.040 15 0.355 16 —0.109
17 0.298 18 —0.029 19 —0.327 20 —0.236
21 —0.112 22 —0.398 23 0.165 24 -
25 0.038 26 0.156 27 —0.003 28 —0.034
29 0.394 30 —0.190 31 0320 32 —0.193

convergence and the effect on WL UPD is presented. Using
30-day (DOY 205-234, 2012) data from two types of
receivers of the eight stations from EPN, the influence of
the DCB (C1-P1) on ambiguity value is investigated. In
investigating, two sets of the ionosphere-free phase ambi-
guities are resolved: One is computed by differencing the
raw ionosphere-free phase and code combination formed
with C1 and P1, and the other is resolved by PPP using the
ionosphere-free combination formed with C1 and P1 and
the satellite clock estimated with P1/P2 and L1/L2. In both
cases, the DCB (C1-P1) from the satellite is not corrected.
Investigation indicates that there is a bias between the two
sets of ambiguities. This bias is a scaled DCB (C1-P1), and
it merely contains the satellite part. The computed 30-day
biases show that they are stable in the short term. The
satellite DCB (C1-P1) is computed with the scaled bias.
Comparison between the estimated DCB and that of IGS
product shows that the estimated DCB (C1-P1) is better
than 0.13 m. The difference between the two sets of
ambiguities shows that the bias in the code observations
affects the undifferenced ambiguity value. Similar to the
difference between the two sets of ambiguities, the DCB
(C1-P1) should be considered carefully in WL ambiguity
and WL UPD estimation with the Hatch—Melbourne—
Wiibbena combination. The performance of the DCB
(C1-P1) in the WL UPD estimation is analyzed. The
results show that the influence on UPD of each satellite is
different and some values are larger than 0.3 cycles. Also
the performance of the DCB (C1-P1) in SPP is studied and
it shows that the accuracy can be improved by 50 % when

the DCB (C1-P1) is corrected. Aiming to learn about the
contribution of code observation for accelerating PPP
positioning, the performance of DCB (C1-P1) in PPP
convergence is studied. The results demonstrate that the
DCB (C1-P1) correction benefits PPP initialization.
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