

  remotesensing-10-01223




remotesensing-10-01223







Remote Sens. 2018, 10(8), 1223; doi:10.3390/rs10081223




Article



Improved Method for GLONASS Long Baseline Ambiguity Resolution without Inter-Frequency Code Bias Calibration



Jiasong Zhu 1, Yanyan Liu 1,*, Bing Wang 2 and Shirong Ye 3





1



Institute of Urban Smart Transportation and Safety Maintenance, College of Civil Engineering, Shenzhen University, Shenzhen 518060, China






2



Shenzhen Key Laboratory of Spatial Smart Sensing and Services, College of Civil Engineering, Shenzhen University, Shenzhen 518060, China






3



GNSS Research Center, Wuhan University, Wuhan 430079, China









*



Correspondence: whdxlyy@szu.edu.cn; Tel.: +86-181-3820-7516







Received: 31 May 2018 / Accepted: 26 July 2018 / Published: 3 August 2018



Abstract

:

Use of a frequency-division multiple access strategy causes Globalnaya Navigatsionnaya Sputnikovaya Sistema (GLONASS) receiving equipment to experience both inter-frequency phase bias (IFPB) and inter-frequency code bias (IFCB). While IFPB can be calibrated using a linear model, there is no general model for IFCB calibration, which causes great difficulty in GLONASS ambiguity resolution over long baselines; most current GLONASS ambiguity resolution research is confined to short baselines. In this paper, based on a single-differencing between-receivers (SDBR) model, a wide-lane phase combination-based approach is proposed to fix the GLONASS ambiguities over long baselines. External precise ionospheric products are introduced to eliminate the ionospheric delay. To mitigate the effect of the residual ionospheric delays, we fix the relative wide-lane ambiguity using the Hatch–Melbourne–Wubbena (HMW) combination. The results show that 96% and 55% of the wide-lane round-off residuals are within 0.2 cycles for the Global Positioning System (GPS) and GLONASS, respectively, if the traditional HMW method is used. The method proposed here for GLONASS can improve these percentages significantly, reaching up to 95.5%. The root mean square (RMS) position errors are 1.43, 1.06 and 4.32 mm for GPS in the north, east and up directions, respectively. When GLONASS with ambiguity fixing is added, the corresponding RMS values are reduced significantly to 1.26, 1.02 and 3.87 mm, respectively.
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1. Introduction


Integer ambiguity resolution is a prerequisite to achievement of centimeter-level Global Navigation Satellite System (GNSS) positioning precision. When the ambiguity is correctly fixed, static relative positioning using daily data can reach millimeter-level accuracy for baselines that do not exceed a few hundreds of kilometers [1]. Because only a precise orbit is required, the data processing required for relative positioning is simple, and is widely used in a number of applications, including geophysics [2,3] and meteorology [4,5]. Relative positioning is a fundamental module in scientific GNSS data processing software suites, such as Bernese GNSS Software (BERNESE) (Astronomical Institute, University of Bern, Bern, Switzerland) [6], GPS Analysis at MIT (Massachusetts Institute of Technology) (GAMIT) (Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, USA; Scripps Institution of Oceanography, University of California, San Diego, USA) [7], and Positioning and Navigation Data Analyst (PANDA) (GNSS Research Center, Wuhan University, Wuhan, China) [8]. However, most ambiguity fixing studies of relative positioning over long baselines have focused on the Global Positioning System (GPS). In addition to GPS, the Russian Globalnaya Navigatsionnaya Sputnikovaya Sistema (GLONASS) can also provide global positioning, navigation and timing services. GLONASS declared full operation with 24 satellites in 2010, and with the improved quality of GLONASS orbits [9,10], it has become a worthwhile exercise to perform GPS+GLONASS long baseline ambiguity resolution.



Because GLONASS uses a frequency-division multiple access (FDMA) approach, simultaneously tracked satellites have different wavelengths. This means that the traditional double-differenced (DD) ambiguity fixing procedure is not suitable for use with GLONASS. To address the problem of different wavelengths, several studies [11,12,13,14,15] have processed the carrier phase in units of cycles to retain the integer nature of the DD ambiguities. However, the receiver clock must be resolved with respect to the code observations to eliminate its effects on the DD ambiguities. Another strategy involves scaling of the carrier phases into distances and formation of the DD ambiguities along with a single-differencing between-receivers (SDBR) ambiguity [13,16,17]. In this case, the receiver clock errors are eliminated and the SDBR ambiguity can be approximated with sufficient accuracy using code observation. The third strategy involves direct estimation of the SDBR ambiguities, before transforming them and the corresponding covariance matrix into the form of the DD ambiguities for fixing [13,18,19]. The fourth strategy is to use the SDBR observations directly for relative positioning with ambiguity fixing [20,21,22]. The SDBR receiver clock and the SDBR ambiguities are estimated together, and the SDBR ambiguities are then transformed into the DD form using a transformation matrix for fixing. However, these studies all focused on relative positioning for short baselines. Liu et al. (2016) [23] proposed a new SDBR strategy for GPS+GLONASS long baseline ambiguity resolution, in which the wide- and narrow-lane ambiguities are fixed directly on the basis of the SDBR float estimates.



Another difficulty in GLONASS long baseline ambiguity fixing is that the FDMA strategy used by GLONASS introduces both inter-frequency phase bias (IFPB) and inter-frequency code bias (IFCB) for commonly tracked satellites that have distinct frequencies. Pratt et al. (1998) [12] and Wanninger et al. (2007) [24] showed that the IFPB can be modeled as a linear function of the frequency number. Sleewagen et al. (2012) [25] later demonstrated that this favorable property is actually caused by the code-phase bias (CPB). Wanninger (2012) [26] analyzed the GLONASS IFPB using 133 receivers produced by nine different manufacturers, and showed that receivers produced by the same manufacturer have similar values that remain reasonably stable over time. Wanninger provided a list of a priori correction values for each manufacturer. With regard to the IFCB, Kozlov et al. (2000) [27] and Yamada et al. (2010) [28] demonstrated that it shows no obvious magnitude pattern with the frequency numbers. Al-Shaery et al. (2013) [19] estimated the pseudo-range inter-frequency bias (IFB) with a zero baseline using a linear function model and presented good results for three receivers, including the Leica GPS1200, the Topcon GRS1 and the Trimble R7. However, linear characteristics cannot be found universally in a variety of types of receivers [29,30,31].



While the IFCB poses little threat to short baseline ambiguity fixing [15], the wide-lane ambiguity resolution over long baselines based on code observation will be strongly impeded [29]. Because the IFCB between homogeneous receivers is either identical or similar, Liu et al. (2016) [23] used homogeneous receivers to perform GLONASS long baseline ambiguity resolution and eliminated the IFCB through differencing between receivers to achieve wide-lane ambiguity fixing using the Hatch–Melbourne–Wubbena (HMW) [32,33,34] combination. The shortcoming of this method is that it cannot be applied in most tracking networks, in which mixed receivers are used. Yi (2015) [35] and Banville (2016) [36] formed an ionosphere-free combination with a wavelength of approximately 5.3 cm that can be fixed directly to an integer value rather than decomposed into the wide- and narrow-lane ambiguities. Liu et al. (2016) [37] and Geng et al. (2016) [38] both used this method for GLONASS long baseline ambiguity fixing. However, because the wavelength of this combination is very short when compared with that of the narrow-lane ambiguity, the ambiguity resolution efficiency is not as high as in the latter case. Rather than use the HMW combination, Reussner and Wanninger (2011) [29] proposed formation of a wide-lane observation with L1 and L2 phase observations to fix the wide-lane ambiguity directly. Geng and Bock (2016) [39] adopted this idea and found that 92.4% of all daily GLONASS wide-lane ambiguities can be fixed with a rounding criterion of 0.15 cycles. However, this method requires a precise ionospheric model to correct the ionospheric delay. Yi et al. (2016) [40] calibrated the odd cycle in the HMW combination for GLONASS wide-lane ambiguity fixing, and found that 96.9% of the GLONASS wide-lane ambiguities can be fixed with a rounding criterion of 0.25 cycles. Liu et al. (2018) [41] then calibrated the P1 and P2 IFCBs for GLONASS wide-lane ambiguity fixing and achieved comparable fixing percentages for homogenous and heterogeneous receivers. While the methods proposed by Yi et al. (2016) and Liu et al. (2018) can perform GLONASS wide-lane ambiguity fixing directly using the traditional HWM combination, an IFCB calibration table must be established for each individual receiver, which will require considerable calibration work.



As the above review shows, while researchers have carried out a great deal of work with regard to GLONASS wide-lane ambiguity fixing, each of the current methods has its limitations. In this article, we propose an improved method for GLONASS long baseline ambiguity resolution with heterogeneous receivers. The remainder of this paper is organized as follows. First, in Section 2.1, we describe the basic modeling equation for SDBR long baseline processing. We then introduce the traditional ambiguity fixing procedures and the effects of GLONASS IFCB in Section 2.2. Then, the proposed method for GLONASS long baseline ambiguity resolution with heterogeneous receivers is described in detail in Section 2.3. We use a network of heterogeneous receivers (detailed in Section 3) in the European Reference Frame (EUREF) Permanent Network (or EPN) to validate the proposed method, and the results are given in Section 4. Finally, discussions are presented in Section 5 and conclusions are drawn in Section 6.




2. Method


2.1. SDBR Baseline Processing Model


The SDBR observation model for the GLONASS system can be given as:


     Δ  P g S  = Δ  ρ S  + Δ  b g S  + Δ  I g S  + c Δ d t     Δ  L g S  = Δ  ρ S  + Δ  B g S  − Δ  I g S  +  λ g S  · Δ  N g S  + c Δ d t     



(1)




where  Δ  denotes differencing between two common tracking stations; the superscript s represents a commonly tracked satellite; the subscript g refers to the frequency (where g = 1,2);   Δ  P g S    and   Δ  L g S    are the code and phase observations, respectively; and,   Δ  ρ S    represents the nondispersive delay, including the geometric distance and the tropospheric delay.   Δ  b g s    and   Δ  B g s    denote the code and carrier phase hardware biases, respectively.   Δ  I g S    represents the ionosphere delay,  c  is the speed of light in a vacuum,   Δ d t   is the receiver clock bias,    λ g S    refers to the wavelength, and   Δ  N g S    is the integer ambiguity. Because GLONASS uses a FDMA strategy, both   Δ  b g s    and   Δ  B g s    have different values for simultaneously-observed satellites. The satellite-dependent part of   Δ  B g s    can be corrected using the linear model that was proposed by Wanninger (2012) [26], while the corresponding part of   Δ  b g s    cannot be fitted using any reported mathematical model [31,42,43].



The ionosphere-free (IF) combination is usually used to eliminate the first-order ionosphere delay. We can write the IF form of Equation (1) as:


     Δ  P  I F  S  = Δ  ρ S  + Δ  b  I F  s  + c Δ d t     Δ  L  I F  S  = Δ  ρ S  + Δ  B  I F  s  +  λ 1 S  · Δ  N  I F  S  + c Δ d t     



(2)







The code hardware bias is not separated from the receiver clock bias, which means that the common part of   Δ  b  I F  s    can be absorbed by   Δ d t  , while the remaining part can be considered to be code residuals. Here, we denote the common part of   Δ  b  I F  s    as   Δ    b ˜    I F    . In addition, the carrier phase hardware bias is not separated from the IF ambiguity, which means that we can rewrite Equation (2) as:


     Δ  P  I F  S  = Δ  ρ S  + c Δ   d t  ˜      Δ  L  I F  S  = Δ  ρ S  + c Δ   d t  ˜  +  λ 1 S  · Δ   N ˜   I F  S      



(3)




where   c Δ   d t  ˜  = c Δ d t + Δ    b ˜    I F     and    λ 1 S  · Δ   N ˜   I F  S  = Δ  B  I F  s  − Δ    b ˜    I F   +  λ 1 S  · Δ  N  I F  S   . We can use Equation (3) to perform the baseline processing. The estimated parameters include the baseline vector, the zenith troposphere delay (ZTD), the differential receiver clock bias, and the IF ambiguities, with numbers equal to the number of observed satellites. The ZTD parameters are modeled using a random-walk model, the differential receiver clock bias is modeled as white noise and the ambiguity is modeled as a constant value.




2.2. Traditional Ambiguity Fixing Procedure


The IF ambiguity is generally divided into wide- and narrow-lane ambiguities for fixing, which can be written as:


   Δ    N ˜    I F  S  =    f 1    f 2      f 1 2  −  f 2 2    Δ  N w S  +    f 1      f 1   +  f 2     Δ    N ˜   1 S    



(4)




where   Δ  N w S    is the wide-lane integer ambiguity and   Δ    N ˜   1 S    is the narrow-lane float ambiguity.



To obtain the wide-lane ambiguity, we can write the narrow-lane code (NLC) and wide-lane phase (WLP) combinations as follows:


     Δ  P n S  = Δ  ρ S  + Δ  b n s  + Δ  I n S  + c Δ d t     Δ  L w S  = Δ  ρ S  + Δ  B w s  + Δ  I w S  +  λ w S  · Δ  N w S  + c Δ d t     



(5)




where the subscript w represents the wide-lane combination. From Equation (5), the float wide-lane ambiguity can then be inferred to be:


   Δ    N ˜   w S  =   Δ  L w S  − Δ  P n S     λ w S    = Δ  N w S  +  ϕ w S    



(6)




where    ϕ w S  =   Δ  B w s  − Δ  b n s     λ w S      is the wide-lane fractional cycle bias (FCB). This equation is widely known as the HMW combination, which eliminates the geometric distance, the ionosphere delay and the troposphere delay, leaving only the wide-lane ambiguity and the hardware bias.



The receiver wide-lane FCB,    ϕ w S   , is the same for all satellites in the GPS system and can be estimated by averaging the fractional parts of all wide-lane ambiguities involved [23,42,43]. After the receiver wide-lane FCB is subtracted, the wide-lane ambiguity can be fixed directly using a rounding procedure. However, in GLONASS,    ϕ w S    is dependent on the individual satellite, which means that    ϕ w S    cannot be estimated. As a result, fixing of the wide-lane ambiguity for GLONASS becomes impractical.



If we can fix the wide-lane ambiguity, then the narrow-lane float ambiguity can be calculated using Equation (4) as:


   Δ    N ˜   1 S  = ( Δ    N ˜    I F  S  −    f 1    f 2      f 1 2  −  f 2 2    Δ  N w S  ) ·    f 1   +  f 2      f 1     = Δ  N 1 S  +  ϕ 1     



(7)




where    ϕ 1  = ( Δ  B  I F  s  − Δ    b ˜    I F   ) ·    f 1  +  f 2   c    and is called the narrow-lane hardware bias, which can be eliminated using the same procedure that was used for the wide-lane ambiguity.



From the expressions for the wide-lane and narrow-lane FCBs in Equations (6) and (7), respectively, we can deduce that the IFCB will only affect wide-lane ambiguity fixing but will have no effect on the narrow-lane ambiguity fixing.




2.3. Improved Ambiguity Fixing Procedure


The geometric distance delay, the receiver clock error, and the troposphere and ionosphere delays can be eliminated by differencing of the narrow-lane code and wide-lane phase combinations. If these terms are resolved in the wide-lane phase combination, we can then obtain the wide-lane ambiguity directly. To achieve this goal, we use Equation (3) together with the wide-lane phase combination for baseline processing, as follows:


     Δ  P  I F  S  = Δ  ρ S  + c Δ   d t  ˜      Δ  L  I F  S  = Δ  ρ S  + c Δ   d t  ˜  +  λ 1 S  · Δ   N ˜   I F  S      Δ  L w S  = Δ  ρ S  + c Δ   d t  ˜  +  λ w S  · Δ   N ˜  w S  + Δ  I w S      



(8)




where    λ w S  · Δ    N ˜   w S  =  λ w S  · Δ  N w S  + Δ  B w s  − Δ    b ˜    I F    . The wide-lane ambiguity can be deduced from Equation (8) as follows:


   Δ    N ˜   w S  = Δ  N w S  +   Δ  B w s  − Δ    b ˜    I F      λ w S    = Δ  N w S  +  ϕ w     



(9)







In Equation (8), the terms   Δ  ρ S    and   c Δ   d t  ˜    have been estimated well, thus leaving only the ionosphere delay bias to be estimated. This means that after the ionospheric delay is corrected using an external ionosphere delay model, the wide-lane ambiguity can be recovered precisely. While the current International GPS Service (IGS) global ionospheric maps (GIMs) have an accuracy of 2–8 TECU (Total Electron Content Unit) [44], the relative accuracy is sufficient to perform wide-lane ambiguity fixing for highly correlated stations within a distance of approximately 1000 km from each other [39,43]. After the ionosphere delay is corrected using the GIM model, its residuals can be greatly reduced by combined processing of multi-epochs.



Because of the rise and fall of the satellite and cycle slips, several small arcs usually occur for each satellite in daily processing. If we use the data from multiple days, the number of arcs will be doubled. Because of the time- and space-varying characteristics of the ionosphere, the accuracy of the GIM model will also vary with different time and space. Supposing there are k ambiguities for satellite S, the estimated wide-lane ambiguities are actually:


       Δ    N ˜    w 1  S  = Δ  N  w 1  S  + Δ    I 1 S   ˜        Δ    N ˜    w 2  S  = Δ  N  w 2  S  + Δ    I 2 S   ˜       ⋮      Δ    N ˜    w k  S  = Δ  N  w k  S  + Δ    I k S   ˜        



(10)




where,   Δ    N ˜    w , 1  S    and   Δ  N  w , 1  S    represent the estimated and real ambiguities respectively, while   Δ    I 1 S   ˜    represents the residual ionospheric delay. To minimize the residual ionospheric delay error, the individual wide-lane ambiguities of these small arcs should be connected so that only one wide-lane ambiguity need to be estimated for each satellite. If we can determine the differences between these real ambiguities, (10) can be rewritten as:


       Δ    N ˜    w 1  S  = Δ  N  w 1  S  + Δ    I 1 S   ˜        Δ    N ˜    w 2  S  − Δ  N  w 21  S  = Δ  N  w 1  S  + Δ    I 2 S   ˜       ⋮      Δ    N ˜    w k  S  − Δ  N  w k 1  S  = Δ  N  w 1  S  + Δ    I k S   ˜        



(11)




where,   Δ  N  w k 1  S  = Δ  N  w k  S  − Δ  N  w 1  S   . If there is no residual ionospheric delay, the right hand sides of the equations in (11) should be identical to each other. Then we can get the improved ambiguity estimate of the first arc by averaging all the equations in (11), which is actually:


   Δ   N ^   w 1  S  = Δ  N  w 1  S  +     ∑  i = 1  k   Δ    I i S   ˜     k    



(12)







As can be seen, the effect of the residual ionospheric delay is reduced through this averaging. Then the improved ambiguity estimates for other arcs can be retrieved by applying the term   Δ  N  w k 1  S   . The HMW combination is used to connect the wide-lane ambiguities because of its irrelevance with respect to the ionosphere delay. Suppose that there are two arcs for a satellite  S ; then, according to Equation (6), we have:


    H M  W  S , 1   = Δ   N ˜  w  S , 1   = Δ  N w  S , 1   +  ϕ w S      H M  W  S , 2   = Δ   N ˜  w  S , 2   = Δ  N w  S , 2   +  ϕ w S     



(13)







It should be noted that while the wide-lane receiver hardware bias,    ϕ w S   , is different for each GLONASS satellite, it remains very stable if no restart occurs, and all arcs of an individual satellite share the same value. By averaging the fractional parts of the wide-lane ambiguities of all related small arcs for the satellite  S , the term    ϕ w S    can be determined. After it is subtracted,    ϕ w S    will be eliminated entirely from Equation (13), and we can then fix the wide-lane ambiguity given in Equation (13). Taking the differences between these fixed wide-lane ambiguities, we can then obtain the wide-lane ambiguity difference between the small arcs. This difference is then added as a hard constraint to the normal equation, which means that we only need to estimate one wide-lane ambiguity for this satellite if all small arcs are connected. The residual ionosphere delay will be greatly minimized and we can then perform the wide- and narrow-lane ambiguity fixing procedures sequentially.





3. Data and Processing Strategy


Three weeks (day of year 001–021, 2013) of data collected by 20 stations from the EUREF Permanent GNSS Network were processed to assess the performance of the proposed method. The sampling interval was 30 s. The 20 selected stations are equipped with receivers from different manufacturers and a variety of antennas, domes and firmware versions, which are all detailed in Table 1. We formed 44 baselines, the length of which varied from 81 km to 1090 km and averaged 485.5 km. The distribution of these stations and baselines is shown in Figure 1. There are 24 satellites in operation under the current constellation, and all of them can be observed by the used network. Figure 2 shows the number of satellites and position dilution of precision (PDOP) values for GPS only and GPS+GLONASS. It is seen that, after adding GLONASS, the number of satellites increases from 6–12 to 12–21 while the PDOP value reduces from 1.2–2.7 to 0.9–1.6.



The proposed method was implemented in the PANDA software to carry out the experiment [8]. Final orbit and clock products that were generated at the European Space Agency/European Space Operations Centre (ESA/ESOC) analysis center were used for both GPS and GLONASS. We applied absolute antenna phase center corrections and phase wind-up effects corrections. The station displacements were corrected in accordance with International Earth Rotation and Reference Systems Service (IERS) 2010 conventions. The elevation cutoff angle was set at 7° for each system and the measurements were weighted using an elevation-dependent weighting strategy. We set equal weights for the carrier phase observations of each system but reduced the weight of the GLONASS code observations by a factor of 2.0 when compared with that of GPS. A GPS receiver clock plus an inter-system bias parameter were estimated and a common tropospheric zenith wet delay was estimated as a piecewise constant every 60 min using a global mapping function [45]. The ambiguity parameters and the static position parameters were modeled as constants.




4. Results


In this section, the wide- and narrow-lane ambiguity fixing efficiencies of the proposed method for GLONASS long baseline processing with heterogeneous receivers are validated in detail.



4.1. Deficiency of the Traditional Method


Among the available baselines, we selected one baseline with two homogeneous Trimble receivers and a second baseline with Leica and Trimble receivers. Daily static processing was carried out for each baseline, and Figure 3 shows the round-off residuals of the wide-lane ambiguity that were derived from the HMW combinations. The figure shows that for both baselines, the GPS wide-lane round-off residuals are all within 0.2 cycles, with the exception of only one outlier. For the baseline with the homogeneous receivers, the GLONASS wide-lane round-off residuals are comparable with those of GPS, which are also all within 0.2 cycles. For the baseline with the heterogeneous receivers, however, the GLONASS residuals are randomly distributed within 0.5 cycles, which means we cannot retrieve the integer property of the wide-lane ambiguity.



For further assessment of the HMW-based wide-lane ambiguity resolution performance, a daily static solution was performed for all baselines, and the round-off residuals of both the GPS and GLONASS wide-lane SDBR ambiguities from all baselines over a 21-day period were analyzed. Figure 4a shows the distributions of the wide-lane round-off residuals. Over 96% of the round-off residuals for GPS were smaller than 0.2 cycles. In contrast, only 55% of the round-off residuals for GLONASS were below 0.2 cycles, and the residuals were dispersed within a distribution of 0.5 cycles. The analysis indicates that the GLONASS IFCB cannot be eliminated using the SDBR, and the HMW ambiguity resolution approach is not applicable to GLONASS.




4.2. Efficiency of the Improved Method


In this subsection, we assess the proposed method in detail. The ambiguity connection strategy is introduced to reduce the influence of the residual ionosphere delay, which is based on the fact that the SDBR wide-lane ambiguity difference between two different arcs of the same satellite is an integer. The quality of the ambiguity connection can be assessed by examining the round-off residuals when connecting wide-lane ambiguities. For comparison, we applied the ambiguity connection strategy to both GPS and GLONASS. Figure 4b shows the statistical histogram for these residuals. The figure shows that the residuals are comparable for GPS and GLONASS: 70.3% and 69.1% of the residuals are within 0.1 cycles for GPS and GLONASS, respectively; in addition, 93.8% and 92.6% of the residuals are within 0.2 cycles for GPS and GLONASS, respectively. This means that more than 96% of the small arcs of a single satellite can be connected for both GPS and GLONASS. These statistics thus confirm that the wide-lane ambiguity connection is of good quality.



For comparison, we performed GPS and GLONASS SDBR ambiguity fixing using the following three solutions: GPS using HMW (GPS-HMW), GLONASS using WLP without wide-lane ambiguity connection (GLO-WLP-No) and GLONASS using WLP with wide-lane ambiguity connection (GLO-WLP). Figure 5a shows the distributions of the a posteriori residuals of the wide-lane ambiguities. 81.1% of the GPS-HMW wide-lane residuals were within 0.1 cycles, while 97.1% were within 0.2 cycles. For the GLO-WLP-No wide-lane residuals, only 52.3% and 77.2% were within 0.1 cycles and 0.2 cycles, respectively. We believe that these differences were caused by large residual ionospheric delays. When the wide-lane ambiguity connection was applied, the corresponding percentages improved to 78.0% and 95.5%, respectively, which are comparable to the results from the GPS-HMW solution.



After fixing of the wide-lane ambiguity, the narrow-lane ambiguity was also fixed using the three corresponding solution types. The distributions of the a posteriori residuals of the narrow-lane ambiguities are shown in the Figure 5b. As the figure shows, similar features were found for the distributions of the narrow-lane residuals. For the GPS-HMW and GLO-WLP solutions, more than 87% and 96% of the narrow-lane residuals were within 0.1 cycles and 0.2 cycles, respectively. As expected, if we did not connect the wide-lane ambiguities, the percentages that were within 0.1 cycles and 0.2 cycles degraded to 77.9% and 87.3%, respectively.



To explore the efficiency of the proposed method in eliminating the effects of GLONASS IFCB on wide-lane ambiguity fixing further, we then calculated the fixing percentages of each GLONASS satellite using the GLO-WLP solution; the results are shown in Figure 6a. At the round-off criterion of 0.1 cycles, the fixing percentages of the different GLONASS satellites when sequenced by frequency number varied widely and randomly, from 73.8% to 82.6%, and averaged a value of 78.1% over all the satellites. The figure also displays a stable and outstanding fixing percentage under the criterion of 0.2 cycles, which fluctuated between approximately 93.8% and 97.2%, with an average of 95.5%. It can thus be concluded that, when using the proposed method, the GLONASS IFCB will have no effect on wide-lane ambiguity fixing, and the fixing percentage will show no relationship with the satellite frequency number.



The corresponding fixing percentages for the narrow-lane ambiguities when using the GLO-WLP solution are shown in Figure 6b, which displays a similar pattern to that obtained for the wide-lane ambiguity. Under the round-off criterion of 0.1 cycles, more than 82% of the narrow-lane ambiguities can be fixed for each satellite, with an average of 87.8%. When the criterion is increased to 0.2 cycles, the fixing percentage then improves significantly to between 96.3% and 97.8% for each satellite. In addition, we also did not identify any relationship between the fixing percentage and the satellite frequency number.



The final fixing rates of the ionospheric-free ambiguity for each baseline are shown in Figure 7. The figure shows that the fixing percentage for the GPS-HMW strategy is more than 96.1% for all baselines, with an average of 98.3%. However, when the HMW method is adopted for GLONASS, the fixing percentages for 16 baselines are below 50% and those for 29 baselines are below 80%. When the proposed method is used, the fixing percentages for all 44 baselines exceed 90%, with an average of 97.5%. Despite the considerable improvements produced using the proposed method, the ambiguity fixing percentage does experience a downward trend with increasing baseline length, which was not observed with the GPS-HMW strategy. For the longest baseline (1089 km), the fixing percentage was only 90.2% for GLONASS, while it was 98.6% for GPS.



Figure 8 shows the position RMS (root mean square) for GPS-only, GPS+GLONASS with both traditional and the proposed method. The RMS is computed by comparing the baseline estimates with the weekly estimate to assess its accuracy, and is calculated from all the baseline solutions during the 21 days. The baselines have also been arranged with ascending baseline lengths. Compared with the GPS-only solution, regarding the north and up directions there are over 37 baselines for which the RMS is reduced when adding GLONASS with the proposed method, and only 22 for the east direction. Compared with GPS+GLONASS using the proposed method, when using GPS+GLONASS with the traditional method, there are over 30 baselines for which the RMS is enlarged for the north and up directions, and 28 for the east direction. On average, the position RMS was 1.43, 1.06 and 4.32 mm for GPS in the north, east and up directions, respectively. After GLONASS with the proposed method added, the figures reduced to 1.26, 1.02 and 3.87 mm, respectively, with improvements of 11.9%, 3.7% and 10.4%. For both GPS and GLONASS, the satellites moved faster in the north direction than the east, which may cause less improvement in the east when using the combined GPS and GLONASS solution. However, when using the traditional method for GPS+GLONASS, the position RMS was enlarged to 1.35, 1.12 and 4.01 mm, respectively, for the three corresponding directions.



Based on the analysis above, we can confirm the efficiency of the proposed method for use in GLONASS wide- and narrow-lane ambiguity fixing with heterogeneous receivers, in which the effect of the IFCB has been eliminated.





5. Discussion


We believe that the reduced fixing percentage for GLONASS shown in Figure 7 is caused by residual ionospheric delays. When the baseline lengths increase, the ionospheric correlation between the two stations decreases, and the residual ionospheric delay will be absorbed directly by the wide-lane ambiguity, which will then affect the WLP-based wide-lane ambiguity fixing process. To improve the fixing percentage of the proposed method over longer baselines, we can use multi-day data for the baseline processing, which means that we can have more arcs from different time spans for each satellite. Because the GIM model has different precisions at different times, the residual ionospheric delays during these different time spans will also vary. Therefore, if we connect these ambiguities from one satellite with the ionospheric-free HMW combination, we will only have to estimate one wide-lane ambiguity for this satellite, and the residual ionospheric delay will thus be greatly reduced.



To verify this theory, we performed GPS+GLONASS long baseline ambiguity resolution using the proposed strategy with data from one-day, two-day, and three-day periods, and the fixing percentages for GLONASS were as shown in Figure 9. It is obvious that the downward trend weakens considerably when the observation data were processed with a two-day interval. For all long baselines, and even for the 1100 km baseline, at least 96% of the SDBR ambiguities can be fixed. When the observation time duration was prolonged to three days, almost no apparent decline in the wide-lane resolution rate was observed with increasing baseline length.




6. Conclusions


As a result of the system’s use of an FDMA strategy, GLONASS code observation is affected by the inter-frequency code bias, which prevents wide-lane ambiguity fixing using the traditional HMW combination. Current studies have not well solved GLONASS ambiguity resolution problem over long baselines. This study has proposed an improved method for GLONASS long baseline ambiguity fixing when using mixed receiver types.



Based on the single-differencing between-receivers processing model, a wide-lane phase combination-based model is proposed in this work to fix the GLONASS ambiguities over long baselines. External precise ionospheric products are introduced to eliminate the ionospheric delays. We connect the wide-lane ambiguities of the different arcs for each GLONASS satellite using the ionospheric-free HMW combination, which means that only one wide-lane ambiguity needs to be estimated for each GLONASS satellite, and the effects of the residual ionospheric delays can also be mitigated in this process.



The round-off residuals were analyzed to assess the performance of the proposed method. When using the traditional HMW method, 96% of the wide-lane round-off residuals were smaller than 0.2 cycles for GPS, as compared with only 55% for GLONASS. When the proposed method was used, the corresponding percentage improved to 95.5% for GLONASS. It was also noted that if the wide-lane ambiguity connection was not applied, the percentage for GLONASS was then only 77.2%. After wide-lane fixing, more than 96% of the narrow-lane ambiguities can be resolved under the criterion of 0.2 cycles for both GPS and GLONASS. In addition, no correlation was observed between the fixing rate and the satellite frequency number for either the wide- or narrow-lane ambiguities. After addition of GLONASS with fixed ambiguity, the RMS position errors were significantly reduced to 1.26, 1.02 and 3.87 mm, representing improvements of 11.9%, 3.7% and 10.4%, for the north, east and up directions, respectively.



The precision of the ionospheric model is the key to this method. In our future research, we intend to focus on establishment of a precise ionospheric model using multi-GNSS observations to assist with GLONASS wide-lane ambiguity resolution. Besides GPS and GLONASS, Galileo and BeiDou have also been establishing their global services. Recently, there has been research on combining Galileo or BeiDou with GPS for medium to long baseline positioning [46,47,48,49]. In future research we will also study the ambiguity resolution performance of Galileo and BeiDou in long baseline positioning.
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Figure 1. Distribution of the stations used and the baselines. 
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Figure 2. Satellite number and PDOP (position dilution of precision) values for Global Positioning System (GPS) only and GPS+Globalnaya Navigatsionnaya Sputnikovaya Sistema (GLONASS) at one station (TUBO) in the center of the network on day of year 001 in 2013. 
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Figure 3. Round-off residuals of wide-lane single-differencing between-receivers (SDBR) ambiguities of GPS and GLONASS satellites for a baseline with homogeneous receivers (top) and a baseline with heterogeneous receivers (bottom). 
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Figure 4. Distributions of a posteriori residuals for GPS and GLONASS when performing wide-lane ambiguity fixing (a) and connection (b) using the Hatch–Melbourne–Wubbena (HMW) combination. 
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Figure 5. Distributions of the a posteriori residuals in GPS and GLONASS wide- and narrow-lane SDBR ambiguities fixing using the HMW and the WLP (wide-lane phase) combinations. (a) It shows the distributions of the a posteriori residuals of the wide-lane ambiguities; (b) It shows the distributions of the a posteriori residuals of the narrow-lane ambiguities. 
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Figure 6. Percentages within 0.1 and 0.2 cycles for the a posteriori residuals in GLONASS wide- and narrow-lane SDBR ambiguities fixing when using the proposed method. (a) It shows the corresponding fixing percentages for the wide-lane ambiguities. (b) It shows the corresponding fixing percentages for the narrow-lane ambiguities. 
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Figure 7. Fixing percentages of the ionospheric-free ambiguities for all baselines. The results show that the proposed method can achieve fixing rates for GLONASS that are comparable to those of GPS. 
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Figure 8. Position RMS (root mean square) for the GPS Only and GPS+GLONASS daily static baseline solutions. 
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Figure 9. Improvements in the fixing percentage when using the proposed method with multi-day observation data. 
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Table 1. Technical details of the 20 tracking stations used with various hardware configurations.
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Manufacturer

	
Receiver

	
Antenna

	
Dome

	
Firmware

	
Stations






	
Trimble

	
NETR5

	
TRM55971.00

	
NONE

	
4.42

	
CAEN




	
4.48

	
ENTZ

PUYV




	
TZGD

	
Nav 4.41/Boot 4.18

	
BYDG




	
NETR9

	
TRM57971.00

	
NONE

	
4.60

	
ILDX




	
Leica

	
GRX1200GGPRO

	
LEIAT504GG

	
LEIS

	
8.10/3.019

	
BUCU




	
NONE

	
8.51/3.019

	
VEN1




	
GRX1200+GNSS

	
LEIAR25.R3

	
LEIT

	
8.51/6.110

	
OROS




	
LEIAR25.R4

	
LEIT

	
8.51/6.110

	
TUBO




	
LEIAT504GG

	
LEIS

	
8.10/4.007

	
LAMA




	
LEICA GR25

	
LEIAR25.R4

	
LEIT

	
2.62/6.112

	
WROC




	
Novatel

	
OEMV3

	
NOV702GG

	
NONE

	
3.701

	
GLSV

SMLA




	
3.620

	
KTVL




	
TPS

	
NETG3

	
TPSCR.G3

	
TPSH

	
3.4

	
MSRT

LBUG




	
JPS

	
LEGACY

	
LEIAR25.R3

	
LEIT

	
2.6.1 JAN,10,2008

	
BORJ

WARN




	
Septentrio

	
POLARX4TR

	
JAVRINGANT_DM

	
NONE

	
2.3.4

	
BRUX




	
POLARX3ETR

	
LEIAR25.R3

	
NONE

	
2.1

	
HERS
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