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 Abstract 
The Differential Code Biases (DCB), which are also termed hardware delay biases, are the 
frequency-dependent time delays of the satellite and receiver. Possible sources of these 
delays are antennas and cables, as well as different filters used in receivers and satellites. 
These instrumental delays affect both code and carrier measurements. These biases for 
satellites and some IGS stations tend to be obtained from the Center for Orbit 
Determination in Europe (CODE) as daily or monthly constants, which are based on the 
global ionospheric total electron content (TEC) modeling in the solar-geomagnetic frame. 
These biases are not provided for regional and local network receivers, and need to be 
computed by the user. In this study, the regional approach by the spherical Slepian function 
was used to estimate the GPS satellite and receiver DCBs. Validations using real data 
showed that this method has significant potential and the ability to yield reliable results, 
even for a single station DCB estimate. 
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1    Introduction 
Global Positioning System (GPS) 
networks pave the way for studying the 
dynamics and continuous variations in 
the ionosphere by the complementary 
ionospheric measurements which are 
usually obtained by different techniques 
such as ionosondes, incoherent scatter 
radars, and satellites. The free electrons 
in the ionosphere have a strong impact on 
the propagation of radio waves. When the 
signals pass through the ionosphere, both 
their group and phase velocities are 
disturbed. The resulting effect in the first 
approximation is proportional to Total 
Electron Content along the signal path 
and inversely proportional to the 
frequency squared. TEC is one of the 
physical parameters that can be derived 
from the GPS data, and supply a 
symptom of ionospheric variability. The 
modeling of the ionospheric TEC is a 
significant domain for the radio wave 
propagation, geodesy, surveying, 
understanding of space weather dynamics 
and error correction related to Global 
Navigation Satellite Systems (GNSS) 
utilizations. 

The Differential Code Biases, also 
termed hardware delays (e.g. the satellite 
or receiver) result in the frequency-
dependent biases on both pseudorange 
and carrier phase measurements. These 
biases are not accessible in the absolute 
sense. Rather, they tend to be determined 
in a relative manner, e.g. the linear 
geometry combination for ionosphere 
modeling (Dach et al., 2007). Since the 
magnitude of the combined satellite and 
receiver DCBs can reach up to several 
nanoseconds (ns), this bias seriously 
affects the accuracy of certain 
applications, such as ionospheric TEC 
estimation (Conte et al., 2011; Wen et al., 
2010; Ciraolo et al., 2007; Komjathy et 
al., 2005; Yuan and Ou, 1999; Mannucci 
et al., 1999; Lanyi and Roth, 1988; 
Wilson and Mannucci, 1993; Coco et al., 

1991), and time transfer (Ray and Senior, 
2005; Wilson et al., 1999). 

The International GNSS Service (IGS) 
Analysis Centers calculate the satellite 
and the receiver differential code biases 
using the data network of the in-
ternational GPS reference stations 
uniformly located in the world, which can 
be downloaded from the Center for Orbit 
Determination in Europe. These data are 
suitable for modeling the global 
ionospheric vertical total electron content 
and are not particularly suitable for 
regional modeling. 

Many studies have been introduced to 
separate DCBs from TEC. Their methods 
can fall into two categories, namely the 
least-squares-based and non-least-
squares-based methods. The former is 
based on estimating both the ionospheric 
models coefficients and DCBs from GPS 
dual frequency observations by the least-
squares method (Durmaz and Karslioglu, 
2014; Jin et al., 2012; Jin et al., 2008; 
Chen et al., 2004; Kee and Yun, 2002; 
Otsuka et al., 2002; Lin, 2001; Lanyi and 
Roth, 1988; Jakowski et al., 1996; Coco 
et al., 1991). The latter is based on 
searching for the true value with 
constraints through minimizing the 
standard deviation (Arikan et al., 2008; 
Ma and Maruyama, 2003; Zhang et al., 
2003), which needs a large amount of 
computation, as well as an a priori search 
range. The selection of the search range 
is a critical parameter in this method. 
Should the search range be too broad, the 
computation will be time-consuming. 
Should the search range be too narrow, 
the true DCB value might not fall into 
this range, which could result in a wrong 
DCB estimate. In this work, we have 
proposed a new method for the regional 
modeling of VTEC, together with the 
satellite and receiver DCBs based on the 
weighted least-square method. The 
performance of the proposed method is 
tested with real data based on the five 
ground-based GPS observations which 
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belong to the IGS networks for three days 
with different geomagnetic conditions.  
2    Method of GPS DCB estimate 
The satellite and receiver biases can 
seriously affect ionospheric TEC 
estimation. Therefore, it is necessary to 
precisely estimate GPS satellite and 
receiver DCBs to improve the accuracy 
of TEC estimates. The ionospheric delay 
in the GPS signals observed by ground 
stations can be converted into TEC, 
which is the total number of electrons in 
a column of the unit cross-section 
between the satellite and the receiver on 
the ground. The mathematical 
representation of the definition is (Liu 
and Gao, 2003): 
 

S

e
R

STEC N (r, , , t)dr,                       (1) 
 
where eN  is the electron density at the 
time t, dr is the geometric range along 
the signal path between the satellite and 
the receiver,  and   are longitude and 
latitude and r is the signal path ray 
respectively. The ionospheric range delay 

iI  for the signal frequency f  (Hz) can be 
written with respect to TEC as follows 
(Seeber, 2003): 
 

i 2

40.3I STEC.
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                               (2) 
 Since the geometric range cannot be 
measured directly, TEC cannot directly 
be calculated from Equation (2) and 
therefore a method of measuring TEC 
directly from the differential code delay 
and carrier phase measurement on both 
the L1 and L2 frequencies is used. For 
this purpose, the geometry-free linear 
combination of pseudo range and carrier 
phase measurements (also termed 
ionospheric observable) is used as 
follows (Ciraolo et al., 2007): 
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rP , 1,

s
r  and 2,

s
r  are the 

code and carrier phase pseudo ranges on 
the L1 and L2 signals, respectively. 1,

s
rI  

and 2,
s
rI  are the ionospheric refraction 

delays at L1 and L2, respectively. 
1 2( )r r

p pbr c     and 
1 2( )r r

L LBr c T T   are the code and 
phase inter-frequency biases (IFBs) for 
the receiver, 1 2( )s s

p pbs c     and 
1 2( )s s

L LBs c T T   are the code and 
phase differential inter-frequency biases 
for the satellite, p  and L  are the effects 
of multipath and measurement noise on 
the pseudo-range and carrier phase, 
respectively, i  is the wavelength of the 

iL carrier phase, and iN  is the integer 
carrier phase ambiguity. 

Since the noise level of the 
pseudorange GPS observations is 
relatively high and the ambiguity 
resolution is required for carrier phase 
observations, phase-smoothed code GPS 
observations are preferred to use for 
ionosphere modeling (Ciraolo et al., 
2007; Nohutcu et al., 2010). By 
combining Equations (3) and (4) for 
simultaneous observations, the following 
equation can be obtained: 
 

4 4 1 1 2 2

p

P N N Br
Bs br bs .
 


   

                 (5) 
 Due to the noise and multipath term 
for the carrier-phase observation is much 
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lower than that for the pseudo-range 
observation, it can be neglected. The 
interval at which no cycle-slip error has 
occurred (leading to a constant phase 
ambiguity) is regarded as the continuous 
observational arc. For cycle slip 
detection, several testing quantities have 
been proposed based on various 
combinations of GPS observations 
(Seeber, 2003; or Hofmann-Wellenhof et 
al., 2008). Herein, observation file of 
each station has been processed 
individually and a single receiver test, i.e. 
the combination of a phase and a code 
range is applied for cycle slip detection 
(Hofmann-Wellenhof et al., 2008). The 
average values of the geometry-free 
pseudo-range and carrier phase is 
computed for any satellite and receiver in 
the continuous arc (Gao et al. 1994): 
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where n is the number of measurements 
in the continuous arc. By subtracting 
Equation (6) from Equation (4) the 
ambiguity term is removed: 
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where 4

P  is the pseudo-range ionospheric 
observable smoothed by the carrier-phase 
ionospheric one. It will minimize the 
effect of multipath error so it can be 
neglected (Nohutcu et al., 2010). In order 
to extract STEC from the smoothed 
ionospheric observable, the ionospheric 
delays from Equation (2) are substituted 
into Equation (7): 
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Finally, STEC can be obtained in TECU 
(TECU = 16 210 elm ): 
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 Since in this study, the ionosphere is 
modeled as a thin single spherical layer, 
the STEC values have to be converted 
into the height-independent VTEC by 
introducing a mapping function (MF) 
(Schaer, 1999): 
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where ER  is the mean Earth radius, z  and 
z  are the zenith angles of the satellite at 
the user position and the ionospheric 
pierce point and H  is the mean altitude 
which approximately corresponds to the 
altitude of the maximum electron density 
and its height can vary between 250 and 
500 km depending on latitude, season, 
solar and geomagnetic activity conditions 
(Misra and Enge, 2003; Seeber, 2003; 
Schaer, 1999; Hofmann-Wellenhof et al., 
2008).  

In this research, the Slepian function 
was applied for the regional satellite and 
receiver DCBs estimation. The Slepian 
functions can be used effectively in the 
ionospheric application for TEC 
modeling (Sharifi and Farzaneh, 2013, 
2015). These methods are used to find a 
set of band-limited functions with the 
optimal spatial concentration and space-
limited functions with the minimal 
spectral leakage outside the bandwidth. 
These functions can be used as windows 
for the spectral analysis or as a sparse 
basis to represent and analyze the 
geophysical observables on a sphere. The 
necessary formula and more details can 
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be extracted from Sharifi and Farzaneh 
(2013). In this approach the VTEC has to 
be represented as a function of the 
geomagnetic latitude   and the sun-
fixed longitude s  for a specified time 
interval min max[ , ]t t  (Schaer et al., 1995; 
Wielgosz et al., 2003): 
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where ( , )lmY s , ( , )ng s ,  , L  and 
N  are the spherical harmonic, spherical 
Slepian function, unknown coefficient, 
the bandwidth of the localization and 
Shannon number (the number of 
eigenfunctions optimally-concentrated 
within the region), respectively. The 
aforementioned VTEC modeling has 
been performed assuming that the 
ionosphere is static during the modeling 
period by neglecting the relatively small 
temporal variations in the ionosphere as a 
function of the geomagnetic latitude   calculated by: 
 

g 0
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where 0  and 0  are the geographical 
coordinates of the geomagnetic pole and 
( , )g g   is the geographical coordinate of 
the station , and the sun-fixed longitude  
s  (Schaer et al., 1995; Wielgosz et al., 
2003): 
 

g
hours

g

UT
(UT 12) ,

s  


  
  

                      (13) 
 
where s  is in degree and UT is the 
universal time in hour. By substituting 
Equations (9) and (10) into Equation 
(11), the following expression can be 
obtained: 
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where n , jbr  and ibs  are the unknown 
parameters to be estimated. This equation 
is a final and fundamental formula for 
estimation of the unknown values. In this 
study a set of ionospheric coefficients 
was estimated every 1 hour. Since 
Equation (14) is singular (the satellite and 
receiver DCBs are linearly dependent), 
one exterior constraint must be added in 
order to separate the DCBs of the 
satellites and receivers. A general method 
is to force a mean zero constraint on the 
satellite DCBs (Schaer, 1999). Under this 
condition, Equation (14) reaches full rank 
and the DCBs of the satellites and 
receivers can be separated (Durmaz and 
Karslioglu, 2014; Jin et al., 2012).  
3    Results and discussion 
The regional DCB estimation in this 
study was based on the ground-based 
GPS observations collected across the 
Onsa, Pots, Gopi, Gras and Tehn stations, 
which belong to IGS network. The 24 h 
observations were obtained through the 
Internet and the sampling rate of the 
measurements was 30 s. The distribution 
of the stations has been illustrated in 
Figure 1. The STEC values for each 
observation were computed as described 
in Section 2. The altitude for the single 
layer model was set to 428.8 km for the 
calculation of VTEC and the elevation 
cut-off angle of 10   was used. The 
precise orbit files, provided by several 
IGS agencies, were interpolated to 
determine the satellite positions. These 
TEC measurements contain the 
ionospheric electron density information 
about the region above the GPS network 
and are used as the input data for the 
satellite and receiver DCBs estimation. 
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To demonstrate the performance of the 
proposed technique, the model was 
validated under different quiet and 
challenging ionospheric conditions, at 
different stations (in different latitudes 
and longitudes) and in different seasons. 
This evaluation contributed to taking into 
consideration solar cycle, seasonal, 
diurnal and latitude-dependent variations  
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Figure 2. The estimated planetary K index for 
197, (c) Year 2012 Day Number 67 (
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To demonstrate the performance of the 
proposed technique, the model was 
validated under different quiet and 
challenging ionospheric conditions, at 
different stations (in different latitudes 
and longitudes) and in different seasons. 

ted to taking into 
consideration solar cycle, seasonal, 

dependent variations 

in this paper. To conduct the analysis, 
certain times were specified. This time 
interval was selected in order to model 
the VTEC distribution, which is strong
influenced by the aforementioned 
variations. Figure 2 shows the 
geomagnetic conditions for the evaluated 
days.

Figure 1. Distribution of the GPS stations. 

(a)                                                                             (b) 

 (c) The estimated planetary K index for (a) Year 2010 Day Number 1, (b) Year 2012 Day Number 
197, (c) Year 2012 Day Number 67 (http://www.spaceweatherlive.com). 
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in this paper. To conduct the analysis, 
certain times were specified. This time 
interval was selected in order to model 
the VTEC distribution, which is strongly 
influenced by the aforementioned 
variations. Figure 2 shows the 
geomagnetic conditions for the evaluated 
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The accuracy assessment was made in 
several ways. First, the proposed method 
was compared with the DCB estimates 
derived from the IGS analysis center 
products (CODE, ESA, JPL and IGS 
combined ionosphere maps). Figures 3 
and 4 show the comparison of the 
estimated satellite and receiver DCBs, 
respectively, with those estimated by the 
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(e)                           
 Figure 3. The comparison of the estimated satellite DCB with those estimated by the CODE, ESA, JPL and 
IGS combined ionosphere maps for (a) Gopi (01
Onsa (01-01-2010), (e) Tehn (15-07 
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several ways. First, the proposed method 
was compared with the DCB estimates 
derived from the IGS analysis center 
products (CODE, ESA, JPL and IGS 
combined ionosphere maps). Figures 3 
and 4 show the comparison of the 

d receiver DCBs, 
respectively, with those estimated by the 

CODE, ESA, JPL and IGS combined 
ionosphere maps. According to the 
figures, the differences between the IGS 
centers product and the proposed method 
are less than 1 ns for most of the satellites 
and receivers. These results indicate that 
the proposed method delivers stable 
receiver and satellite DCB estimates for 
the given days and stations.

(a)                                                                                      (b) 

)                                                                                      (d) 

)                                                                                      (f) 
The comparison of the estimated satellite DCB with those estimated by the CODE, ESA, JPL and 

IGS combined ionosphere maps for (a) Gopi (01-01-2010), (b) Gras (01-01-2010), (c) Pots (01
07-2012), (f) Tehn (07-03-2012). 
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CODE, ESA, JPL and IGS combined 
ionosphere maps. According to the 
figures, the differences between the IGS 
centers product and the proposed method 
are less than 1 ns for most of the satellites 

receivers. These results indicate that 
the proposed method delivers stable 
receiver and satellite DCB estimates for 
the given days and stations. 

  

  

  
The comparison of the estimated satellite DCB with those estimated by the CODE, ESA, JPL and 

(c) Pots (01-01-2010), (d) 
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Second, once the carrier
ionospheric observable was obtained, the 
corrections for the differential code 
biases of the satellites and receivers were 
applied to it. These corrections were 
obtained from the IONEX files and the 
proposed method, separately. Figure 5 
shows the differences between VTEC 
values by the estimated satellite and 
receiver DCBs and VTEC values by the  

(a)                  

(d)                  
Figure 4. The comparison of the estimated receiver DCB with those estimated by the 
(a) Gopi (01-01-2010), (b) Gras (01
07-2012), (f) Tehn (07-03-2012). 

Figure 5. The differences between VTEC values using estimated satellite and receiver DCBs and VTEC 
values using CODE satellite and receiver DCBs.

DCB
 (ns
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Second, once the carrier-phase-leveled 
ionospheric observable was obtained, the 
corrections for the differential code 
biases of the satellites and receivers were 
applied to it. These corrections were 

EX files and the 
proposed method, separately. Figure 5 
shows the differences between VTEC 
values by the estimated satellite and 
receiver DCBs and VTEC values by the 

CODE satellite and receiver DCBs. The 
red-dotted lines represent the accuracy 
range of the GPS-derived TEC from the 
carrier to code leveling process method 
(Dettmering et al., 2011). This figure 
depicts the meaningful difference 
between the VTEC estimations from 
different DCBs and emphasizes the 
importance of the accurate satellite and 
receiver DCBs estimations.

(a)                                                   (b)                                                       

)                                                   (e)                                                       
 The comparison of the estimated receiver DCB with those estimated by the IGS centers product

2010), (b) Gras (01-01-2010), (c) Pots (01-01-2010), (d) Onsa (01-01
2012). 

The differences between VTEC values using estimated satellite and receiver DCBs and VTEC 
g CODE satellite and receiver DCBs. 
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CODE satellite and receiver DCBs. The 
dotted lines represent the accuracy 

derived TEC from the 
carrier to code leveling process method 
(Dettmering et al., 2011). This figure 
depicts the meaningful difference 
between the VTEC estimations from 
different DCBs and emphasizes the 
importance of the accurate satellite and 

DCBs estimations. 

           (c) 

           (f) 
IGS centers product for 

01-2010), (e) Tehn (15-

 The differences between VTEC values using estimated satellite and receiver DCBs and VTEC 
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Figure 6. The comparison of the calibrated and estimated VTEC with the estimated value by the 
product for the Tehn station (left): 7 March 2012, (right): 15 July 2012.
 
  
Third, the proposed method was 
compared with the TEC estimates derived 
from the IGS centers product. Figure 6 
shows the comparison of the estimated 
TEC values with those estimated by the 
IGS centers product at the Tehn station. 
The figure indicates the VTEC with 
estimated DCBs, along with those from 
IGS centers.  
4    Conclusions 
The total electron content in the 
ionosphere can be easily estimated from 
the combination of the Global Positioning 
System (GPS) data. However, the TEC 
data derived from the GPS measurements 
lacks certainty because each GPS signal 
has a hardware-associated bias that 
seriously affects the accuracy of the 
ionospheric TEC estimates. In this 
research, the regional approach by the 
spherical Slepian function was used to 
estimate the GPS satellite and receiver 
DCBs. This method is based on the 
estimation of the ionospheric models’ 
coefficients and DCBs from the GPS 
dual-frequency observations by the 
weighted least-squares method. The 
results were compared with those from 
the IGS centers product and showed that 
the proposed method is capable of 
delivering stable and comparable bias 
estimates. 
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