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Abstract 
 

Currently, the Chinese BeiDou satellite system is 

extensively used in ionosphere modeling and space 

weather applications. For precise ionosphere modeling, 

however, the differential code bias (DCB) for both the 

satellite and receiver must be accounted for. The objective 

of this paper is to investigate the repeatability of the 

BeiDou receiver DCB. GPS/BeiDou observations from a 

number of globally distributed stations over a period of 7 

days are used. The stations are selected from different 

latitudes in order to reflect different ionospheric 

characteristics. The observations are processed in the 

zero-differenced mode. The single-station bi-linear 

expansion is used in order to model the vertical total 

electron content (VTEC), the satellite and the receiver 

differential code biases. The findings indicate that the 

BeiDou receiver DCB has repeatability with level less 

than 0.8 ns. Then, the estimated DCB values are 

compared with the international GNSS service multi-

GNSS experiment (IGS-MGEX) counterpart. The results 

show  that the BeiDou receiver DCB has good agreement 

with the IGS-MGEX counterpart with mean difference 

and standard deviation (STD) values less than 0.7 ns.  

 

1. Introduction 
 

The Chinese BeiDou satellite system is currently used in 

modeling the spatial and temporal resolution of the 

ionosphere vertical total electron content (VTEC).  To 

precisely model the VTEC, however, the differential code 

bias (DCB) for both the satellite and the receiver must be 

accounted for. Differential code bias is the difference in 

code hardware delays at two different frequencies. The 

satellite DCB values are stable over one day, while the 

receiver DCBs are not as stable [1]. Therefore, modeling 

the variation of the receiver DCB is crucial issue.  

 

More recently, the estimation of the BeiDou DCB has 

been investigated by a number of researchers e.g., [2, 3, 4, 

5, 6 and 7]. [6] developed a model to estimate the multi-

constellation global navigation satellite systems (multi-

GNSS) satellite and receiver DCBs. In their model, the 

local ionosphere was modeled using the generalized 

triangular series instead of the global ionospheric model. 

The DCBs estimated from their model showed good 

agreement with the center for orbit determination in 

Europe (CODE) and German aerospace center (DLR) 

counterparts. The stability of the GNSS receiver 

differential code bias has been investigated in a number of 

studies e.g., [8, 9, 10, 11 and 12]. [12] developed a model 

to estimate  the  multi-GNSS receiver DCB using the 

international GNSS service (IGS) global ionospheric map 

and the DLR satellite DCBs within 1-hour time 

resolution. Then, the short-term variation (i.e., intra-day) 

of the estimated DCBs was investigated. It has shown that 

the estimated receiver DCBs had good agreement with the 

DLR counterpart.  In addition, there were large 

fluctuations between two consecutive hours within the 

receiver DCBs.   

 

In this study, the repeatability of the BeiDou receiver 

DCB is investigated. GPS/BeiDou observations from a 

number of globally distributed reference stations are used. 

To reflect different ionospheric characteristics the stations 

are selected from different latitudes.  The observations are 

processed in the zero-differenced mode. In order to 

estimate the VTEC, the satellite and the receiver DCBs, 

the single-station bi-linear expansion function is used. 

The BeiDou receiver DCBs are estimated over a period of 

7 days, which is corresponding to different geomagnetic 

activity and solar activity. Thereafter, the estimated 

receiver DCBs are compared with the IGS multi-GNSS 

experiment (IGS-MGEX) counterpart. It is shown that the 

repeatability of the difference between the estimated 

receiver DCB and the IGS-MGEX is less than 1.2 ns.   

 

2. Development of BeiDou Receiver DCB 

Estimation Model  
 

The basic GNSS code observations can be written as 

follows [13]:  
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where   and   refer to the GPS and BeiDou satellite 

systems, respectively;     and     are the GPS 

pseudorange measurements on L1 and L2, respectively; 

    and     are the BeiDou pseudorange measurements 

on B1 and B2, respectively;   
   and   

   are the satellite-

receiver true geometric ranges;   is the speed of light in 

vacuum;     
  and     

  are the ionospheric delay on L1 and 

L2, respectively;     
  and     

  are the ionospheric delay on 

B1 and B2, respectively;   
  and   

   are the tropospheric 



delay for the GPS and BeiDou systems, respectively;    is 

the code hardware delay for the receiver;   and   are the 

code hardware delay for the GPS and BeiDou satellites, 

respectively;    is the code unmodeled errors, including 

noise and multipath. 

The geometry-free linear combinations are used in order 

to remove the geometrical term, tropospheric delay, 

receiver and satellite clock errors from the zero-

differenced smoothed code observations as follows [14]:  

 
       

     
         

     
  (5) 

                (         )   (  
    

 ) (6) 

                (         )   (  
    

 )      (7) 

 

where    
     

     
   and    

  are the smoothed code 

observations of the GPS and BeiDou systems, 

respectively;     and     are the geometry free 

combination of the GPS and BeiDou smoothed code 

observations, respectively;    is the mapping function; 

   and    are frequency-dependent factors for the GPS 

and BeiDou systems, respectively;     is the geometry-

free inter-system bias between the GPS and BeiDou 

systems, which is the difference in code hardware delay 

between the GPS and BeiDou signals in the receiver 

channels. The inter-system bias is lumped into the 

receiver differential code bias for the BeiDou signals. 

Therefore, the geometry-free formulas can be rewritten as 

follows: 
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where      and      are the differential code bias for 

the GPS and the BeiDou satellites, respectively;        

and        are the receiver differential code bias for the 

GPS and the BeiDou systems, respectively.  The 

frequency-dependent factor   can be written as follows: 

 

   
    (   

     
 )

(   
    

 )
         

    (   
     

 )

(   
    

 )
 

(10) 

 

where    and     are the carrier phase frequencies on    

and    GPS signals, respectively;     and     are the 

carrier phase frequencies on    and    BeiDou signals, 

respectively. The mathematical expression for the 

mapping function can be written as follows [14]: 
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where   is the satellite’s zenith distance at receiver;   is 

the mean radius of the Earth, and   is the height of 

ionosphere thin shell layer. 

 

The vertical TEC can be modeled over each station using 

the first-order bilinear expansion function depending upon 

the ionosphere pierce point (IPP) coordinates and time, 

which takes the form [15 and 16]: 

 
                    (12) 

 

where      is the ionospheric observable;       and    

are the bi-linear expansion parameters;            is 

the difference between the longitude of the IPP and the 

longitude of the receiver, and           is the 

difference between the latitude of the IPP and the latitude 

of the receiver. 

 

Substituting Equation 12 into Equations 8 and 9, the 

ionospheric bi-linear expansion model can be rewritten as 

follows:  
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where                   and are        the unknown 

parameters to be determined. The GPS and BeiDou 

satellite DCB (i.e.,          ) are obtained from the 

publicly available MGEX file [17]. 

 

To calculate the unknown VTEC parameters and receiver 

DCBs, a weighted least-squares algorithm is developed as 

follows: 
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where the matrices of     and   are expressed as follows: 
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where        and        are the receiver differential 

code bias for the GPS and BeiDou systems, respectively; 

   and    are the number of GPS and BeiDou satellites, 

respectively, in a single observation epoch. For the weight 

matrix (P), the elevation-dependent weighting of the 

observations is used. 

 

3. Methodology  
 

To develop the aforementioned receiver DCB estimation 

model, four globally distributed IGS-MGEX reference 

stations are used (Figure 1). The stations are selected to 

represent different latitudes in order to reflect different 

ionosphere characteristics. In addition, the stations are 



occupied with different receiver types (Table 1). 

GPS/BeiDou observations over 7 days (day of year 

(DOY) 225 to 231 in 2017) are downloaded [18].  

 
Figure 1. Examined stations distributions 

 

Table 1. Examined station properties  

Station  Latitude  Longitude  Receiver type 

KIRU 67.8574º 20.9684º Sept Polarx4 

MAL2 -2.9960º  40.194º Sept Polarx4 

HARB -25.8869º 27.7072º Trimble Netr9 

CUT0 -32.0038º 115.8947º Trimble Netr9 

 

The solar activity (F10.7cm) and the geomagnetic activity 

(Ap) indices over the examined days are given in Table 2.  

It is shown that the solar activity is low over the examined 

days, while the geomagnetic is quiet in the first four days 

and active in the last three examined days.   

 

Table 2. F10.7 and AP indices for the examined days [19] 

DOY F10.7 cm AP DOY F10.7 cm AP 

225 70 6 229 78.5 24 

226 74.9 4 230 82 20 

227 76.1 2 231 88.9 29 

228 79.2 5    

 

Each observation file has a 30-second time interval in 

RINEX 3.02 format. The elevation cut-off angle is 

selected to be 10º. The observation files are processed in 

the zero-difference mode. The geometry-free linear 

combination is formed using the smoothed code 

observations (i.e.,    
     

     
  and     

 ). For the 

ionospheric mapping function, the effective height (H) is 

selected to be 450 km. The final IGS-MGEX satellite 

orbit and clock products are used [20]. For the least-

squares estimation (Eqs.15 and 16), the extracted satellite 

DCBs from the MGEX file [17] are used. The receiver 

DCBs are determined every 1-hour time interval. The 

proposed model is implemented in FORTRAN computer 

code by the author.  

 

4. Results and Analysis 
 

In order to evaluate the developed model, the standard 

deviation (STD) of the estimated receiver DCBs are given 

in Figure 2. It is shown that the STD of the BeiDou 

receiver DCB is less than 4 ns. In addition, the STD 

values at station MAL2 is larger than other stations. This 

can be attributed to the fact that station MAL2 is located 

at the equatorial region. On the other hand, the STD 

values at station CUT0 is slightly smaller than the others. 

This might be attributed to the station’s location, which is 

at a mid-latitude region.   

 

 
Figure 2. STD of the estimated BeiDou receiver DCBs 

 

In order to assess the repeatability of the estimated 

BeiDou receiver differential code bias, the average DCB 

over each day is computed. Then, the STD for the 

differences between two successive days is estimated. 

Figure 3 illustrates the repeatability of the estimated 

BeiDou receiver differential code bias. It can be seen that 

the repeatability of the BeiDou DCB is less than 0.8 ns.   

 
Figure 3. Repeatability of the estimated DCBs 

 

Moreover, to evaluate the accuracy of the developed 

model, the estimated receivers DCB are compared with 

the IGS-MGEX counterparts. The mean difference and 

the STD values over the examined days are given in 

Table 3. 

Table 3. Mean difference and STD values 

Station Mean (ns) STD (ns) 

KIRU 0.16 ±0.54 

MAL2 -0.45 ±0.63 

HARB -0.39 ±0.45 

CUT0 -0.58 ±0.44 

 

It is seen that the estimated BeiDou receiver DCB show 

good agreement with the IGS-MGEX with mean 

difference and STD values less than 0.7 ns. Additionally, 

the repeatability errors of the estimated DCB with respect 

to the IGS-MGEX are calculated (Figure 4). It can be seen 

that the repeatability error of the BeiDou DCB in 

comparison with the IGS-MGEX is less than 1.2 ns. Also, 

station MAL2 has the largest value as it is located at 

equatorial region.  

 



 
Figure 4. Repeatability error of the estimated DCBs with 

respect to the IGS-MGEX 

 

5. Conclusion   
 

In this study, the repeatability of the BeiDou receiver 

differential code bias has been investigated. GPS/BeiDou 

observations from four globally distributed IGS-MGEX 

reference stations have been used. The stations have been 

selected with different latitudes and receiver types. The 

observations have been processed in the zero-differenced 

mode. The bi-linear function has been used in order to 

estimate the receiver DCB. The DCBs have been 

estimated over a period of 7 days with different 

geomagnetic activity. The results show the BeiDou 

receiver DCB has repeatability level less than 0.8 ns. 

Moreover, the estimated DCB is compared with the IGS-

MGEX counterpart. It has shown the estimated DCB 

agree with the IGS-MGEX with mean difference and STD 

values less than 0.7 ns. In addition, the repeatability of the 

difference between the estimated receiver DCB and the 

IGS-MGEX is less than 1.2 ns.   
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