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Abstract:



A differential global positioning system (DGPS) is one of the most widely used augmentation systems for a low-cost L1 (1575.42 MHz) single-frequency GPS receiver. The positioning accuracy of a low-cost GPS receiver decreases because of the spatial decorrelation between the reference station (RS) of the DGPS and the users. Hence, a network real-time kinematic (RTK) solution is used to reduce the decorrelation error in the current DGPS system. Among the various network RTK methods, the Flächen Korrektur parameter (FKP) is used to complement the current DGPS, because its concept and system configuration are simple and the size of additional data required for the network RTK is small. The FKP was originally developed for the carrier-phase measurements of high-cost GPS receivers; thus, it should be modified to be used in the DGPS of low-cost GPS receivers. We propose an FKP-DGPS algorithm as a new augmentation method for the low-cost GPS receivers by integrating the conventional DGPS correction with the modified FKP correction to mitigate the positioning error due to the spatial decorrelation. A real-time FKP-DGPS software was developed and several real-time tests were conducted. The test results show that the positioning accuracy of the DGPS was improved by a maximum of 40%.
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1. Introduction


The global positioning system (GPS), which was initially limited to military or surveying fields, has gradually been extended to ordinary industrial fields such as navigation and time synchronization. The types of GPS receivers are determined based on the performance required in each field, the price of the system, and the size of the market. For example, in the field of land surveying or bridge monitoring where high accuracy is required, high-end GPS receivers that support multi-frequency signals are used, including L1, which is the primary frequency, and L2 (1227.60 MHz), which is the secondary frequency. These receivers are used to estimate the ionospheric errors and are capable of receiving pseudorange and carrier-phase measurements. In the field of safety-of-life (SoL) service for aviation or maritime, GPS receivers that are capable of receiving L1 pseudorange and carrier-phase measurements are used. In the field of location-based service (LBS) or road systems, low-cost GPS receivers that support the L1 single-frequency signal are used, the accuracy of which is approximately 5 m. As the price of the low-cost GPS chipsets has fallen below US one dollar and smartphones have become increasingly popular, the applications of global navigation satellite system (GNSS), such as car navigation, geo-tagging, and LBS, are likely to increase dramatically [1]. As the low-cost L1 single-frequency GPS receivers dominate most of the GPS market [2], there is a strong interest in enhancing their accuracy.



Many types of augmentation systems have been developed for low-cost GPS receivers. Among them, the differential global positioning system (DGPS) is the most representative augmentation system. DGPS services have been established worldwide. They can be divided into so-called local-area DGPS (LADGPS) services for small areas, such as a country, and wide-area DGPS (WADGPS) services for larger areas such as an entire continent or even worldwide [3]. A single reference station (RS) in a LADGPS at a known location can estimate a range of error corrections for each GPS satellite in view. These error corrections are then broadcasted to users nearby an RS. By applying these corrections to the received signals, a user can typically improve the accuracy up to a range of 1–3 m [4]. However, as the distance between the user and the RS increases, the range decorrelation increases, thus reducing the accuracy. The positioning accuracy [3,4] reduces largely because of the spatial decorrelation such as ephemeris error and ionospheric and tropospheric delays. Furthermore, if a user moves away from the RS of the LADGPS while receiving the corrections, the error due to the spatial decorrelation cannot be ignored. In this case, it is possible to receive corrections from another RS that is getting closer while moving, but the discontinuity of the position can occur.



To extend the service area using a few geosynchronous equatorial orbit (GEO) satellites and overcome the error due to the spatial decorrelation, the WADGPS has been proposed. This system is used to obtain a meter-level accuracy over a large region while using a fraction of the number of RSs. The general approach is to divide the total pseudorange error into its components and estimate the variation in each component over the entire region [5,6,7]. Hence, the accuracy does not depend on the proximity of the user to a single RS, such as that in the LADGPS [5]. However, the corrections regarding the ionospheric delay are broadcasted at maximum intervals of 300 s [8]. Although the intervals vary in different operating nations such as wide-area augmentation system (WAAS, USA), European geostationary navigation overlay service (EGNOS, Europe), and MTSAT satellite augmentation system (MSAS, Japan), the user needs to wait for a long time to receive all the corrections of the WADGPS. In addition, because the WADGPS has been developed for aviation, the constraint regarding the 40–50° elevation angle is not a major problem; however, it may be a major obstacle for users in urban and mountainous areas while receiving the signals from the GEO satellites. In other words, if a signal is interrupted while receiving corrections, the user needs to wait when the correction data are not being received. Hence, an effective and reasonable augmentation system is required to compensate for the error due to the spatial decorrelation even in the cases of long baselines while receiving the correction via separated communication from the LADGPS. A network real-time kinematic (RTK) solution is used to reduce the decorrelation error in a Carrier-phase DGPS system. Among the various network RTK methods, the Flächen Korrektur parameter (FKP), which is a suitable methodology to complement the current DGPS using an one-way communication environment, is also useful to complement the current LADGPS. KODGIS and NAWGIS services operated by the ASG-EUPOS in Poland are examples of systems to improve the low-cost receiver using the network RTK solution, which is very rare in other countries or infrastructures. While the KODGIS generates DGPS correction directly for the user’s location based on the virtual reference station (VRS) concept, the NAWGIS generates DGPS correction for strictly defined points (the geometric centers of the station network are for northern and southern Poland) based on the VRS concept to compensate for the spatial decorrelation error of the DGPS [9,10]. To provide the service, it uses a proprietary message from the radio technical commission for maritime (RTCM) for the solution. Thus, exclusive users who made a contractor with the operator support the system. The proprietary message of the NAWGIS (message type 59) has been recently moved to the reserved message for private use in the RTCM version 2.3, and mass market low-cost receivers such as u-blox series do not support the private message.



In this study, we propose a user-oriented FKP-DGPS algorithm as a new augmentation system by integrating the conventional LADGPS correction with the modified FKP correction. This system combines the existing LADGPS and FKP infrastructures, and subsequently, generates a new correction to be provided to the low-cost GNSS receivers based on the RTCM standard. It does not require a special infrastructure for the FKP-DGPS and follows the current standards. Thus, any LADGPS user can compensate for the spatial decorrelation error by itself. In addition to solving the spatial-decorrelation problem in the LADGPS, it can be a solution for the signal corruption of the WADGPS correction from the satellite based augmentation system (SBAS) GEO satellite. Because it is difficult to ensure a stable service for land users based on the SBAS corrections, this study focuses on the ground infrastructure that provides the LADGPS service; herein, the DGPS referred is the LADGPS. The remainder of this paper is organized as follows. Section 2 describes the spatial decorrelation of the LADGPS and introduces a method of reducing its influence using a modified FKP correction with the help of mathematical analysis. Section 3 focuses on the method of developing a real-time FKP-DGPS algorithm using the modified FKP correction; moreover, the method of applying the calculated FKP-DGPS correction to a low-cost L1 single frequency GPS receiver is presented. Section 4 shows the results of the static and dynamic user tests conducted to confirm the improvement in the accuracy obtained through the developed algorithm. Finally, the performance of the developed algorithm in determining the reduced positioning errors with sufficient coverage area is verified through the test results.




2. DGPS and FKP


2.1. DGPS and Spatial Decorrelation


GPS is a widely known navigation system providing accurate, continuous, worldwide, three-dimensional position, velocity and time information. The positioning accuracy of the low-cost L1 single-frequency GPS receivers is generally about 5 m to 10 m because many sources of possible errors reduce the positioning accuracy [5]. In the space segment, GPS satellite orbit and clock errors exist. In addition, while a signal is being transmitted from a GPS satellite to a user, the atmospheric effects such as ionospheric and tropospheric delays may alter the travel time of the GPS signal. In the user segment, multipath error and noise exist. Except for the errors induced in the user segment, other errors, which are characteristic of the spatial correlation, can be fairly eliminated using the correction from the RS of the DGPS. In other words, the RS of the DGPS, which is positioned at a known location that was previously surveyed, can estimate the errors in its GPS signals and broadcast the correction data to nearby users.



Figure 1 shows the range errors between the RS and the users considering only the atmospheric effects. Even if there are common errors in the measurements, they cannot be exactly equal because of the spatial decorrelation. As the separation of the user from the RS increases, the difference in the ionospheric and tropospheric delay between the two sites increases. Table 1 lists the different errors depending on the separation based on recent studies [11,12].


Figure 1. DGPS concept and spatial decorrelation.
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Table 1. Quantity of spatial decorrelations [12].







	
Delay

	
Average

	
Maximum






	
Ionospheric

	
4 m

	
40 m




	
Tropospheric

	
2 m

	
16 m




	
Ephemeris

	
<0.25 m

	
<0.25 m










The errors due to the spatial decorrelation can be expressed using the following equations. First, the pseudorange measurements of the user and RS are given below.


[image: there is no content]



(1)







The superscripts i and j denote the ith and jth GPS satellites, respectively, and the subscripts u and r denote the user and RS, respectively. In addition, [image: there is no content], and [image: there is no content] are the position, line of sight vector, satellite clock bias, receiver clock bias, ionospheric delay, tropospheric delay, ephemeris error, and noise, respectively. By subtracting between two satellites single differences (i[image: there is no content]j[image: there is no content]i[image: there is no content]j[image: there is no content]), the double-difference measurement is obtained as follows.


uΔri∇jρ=[(R¯i+δR¯i)⋅e¯ui−(R¯j+δR¯j)⋅e¯uj]−R¯u⋅(e¯ui−e¯uj)+(Iui−Iuj)+(Tui−Tuj)+i∇jεu−[(R¯i+δR¯i)⋅e¯ri−(R¯j+δR¯j)⋅e¯rj]+R¯r⋅(e¯ri−e¯rj)−(Iri−Irj)−(Tri−Trj)−i∇jεr



(2)







As explained previously, the measurement of the user apart from the RS includes the spatial decorrelation errors. Hence, considering the decorrelation errors ([image: there is no content]), the relationship between the common errors can be expressed as follows.


[image: there is no content]



(3)




where [image: there is no content] are the components of the ionospheric and tropospheric delays, respectively, due to the spatial decorrelation between the user and the RS. In addition, the subscript “model” denotes the value that is calculated using a tropospheric model. Several errors can be appropriately determined using various models such as the Klobuchar model for ionospheric delay and a simple model for the tropospheric delay. In particular, the tropospheric delay can be approximated using the model because the tropospheric refraction arises from the predictable component [13]. Hence, assuming that the user and the RS use the tropospheric model to eliminate the tropospheric error in their measurements, the relationship of the tropospheric delay can be expressed using the above equation. Because the ephemeris error is less affected by the spatial decorrelation compared to the ionospheric and tropospheric delays, as listed in Table 1, it can be ignored in this mathematical analysis along with the noise. By substituting Equation (3) into Equation (2), we obtain the following equation.


uΔri∇jρ=R¯i⋅uΔre¯i−R¯j⋅uΔre¯j−R¯u⋅e¯ui+R¯u⋅e¯uj+R¯u⋅e¯ui−R¯u⋅e¯uj+(i∇jδT−rΔui∇jTmodeli)+(i∇jδI)



(4)







Finally, the errors due to the spatial decorrelation in the double-difference measurement are confirmed. Hence, it is reasonable to conclude that the position accuracy reduces because of the spatial decorrelation.




2.2. Network RTK and FKP


The positioning method based on the carrier-phase measurement is quite difficult because of the process of determining the integer ambiguity [14]. The spatial decorrelation affects the resolution of the integer ambiguity. Hence, many studies have been conducted on the spatial decorrelation and several network-RTK methods have been developed such as the VRS, master-auxiliary concept (MAC), and FKP.



The VRS is the most widely used augmentation system worldwide. It provides an accurate, stable, and suitable service for static users. It can be used in all receivers wherein the RTCM message is employed. Moreover, the VRS has better performance than the other methods. However, a bidirectional communication is required because the corrections are transmitted only after receiving the position of the user [15]. Therefore, there is a privacy problem and it is unsuitable for dynamic users who are moving continuously and can go anywhere. In case of a system used in a local area such as precise farming, the correction received from the starting point may be continuously valid [16]. However, the performance deterioration due to the spatial decorrelation is inevitable for the user moving away from the starting point, and the correction from a new VRS point for the current user position should be updated to compensate for the decorrelation error, thereby leading to a VRS hand-over problem.



The MAC has been developed to supplement the previously developed VRS and compensate for the drawbacks of the FKP with more accurate and stable positioning compared to the VRS and FKP. The MAC comprises a master RS and several auxiliary RSs. Each auxiliary RS sends its own measurements to the master, and the inter-station difference in the correction is used to estimate the required correction. This correction can be divided into dispersive (ionospheric) and non-dispersive (geometric) corrections for broadcast efficiency, and it can be modified for the low-cost GPS receivers. In addition, this solution can be applied with a one-way communication; thus, a user of a kinematic application can determine the position regardless of any interruption or discontinuity. However, the amount of data is somewhat high, and the method applied by the user is somewhat complicated [15].



The FKP is an “area-correction parameter” and it is one of the first methods that was developed to implement a network RTK. The FKP is used to calculate the coefficients of a polynomial surface, which models the correction difference referenced to the master station. These coefficients are horizontal gradients for the dispersive and non-dispersive errors, and are used to evaluate the error polynomial at the desired location. The user interpolates the corrections and applies them with the master station observations or corrections [15,17]. It helps broadcast coefficients that can express the error plane efficiently in a way described in Figure 2. Thus, it is suitable for broadcasting corrections. Like the MAC, this solution can be applied with a one-way communication; thus, a user of a kinematic application can determine the position regardless of any interruption or discontinuity. Although the decision made by the provider regarding the complexity of the model can influence the performance of the user, and the accuracy of the FKP is less than that of other methods, the amount of data is small; moreover, the method applied by the user is simple [15,18]. Hence, in this study, we propose a new augmentation method to improve the accuracy of the current DGPS using practical and suitable FKP corrections for all the users described above.


Figure 2. Linear FKP planes for four RSs [19].
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The range errors due to the spatial decorrelation in the space between the two RSs can be estimated, as shown in Figure 3. In other words, the FKP RS is used to calculate the distance-dependent range errors in close proximity to itself by comparing the range errors of nearby RSs. Subsequently, it helps convert them into error surfaces and broadcast their first-order linear approximated gradients as FKP corrections. Therefore, the users can eliminate the effects of the spatial decorrelation using the FKP correction. The FKP is less accurate than the VRS and MAC because it simplifies the range errors into the first-order gradients. Nevertheless, it can be easily modified for pseudorange measurements in the low-cost L1 single-frequency GPS receiver. The parameters of the FKP correction show that the horizontal gradients are linear approximations of the geometric and ionospheric errors in the neighborhood of the RS. The geometric gradient contains the non-dispersive (ephemeris and troposphere residuals) errors whereas the ionospheric gradient contains the dispersive errors. The geographical coordinates [image: there is no content] are the ellipsoidal coordinates of the corresponding RS and the coordinates of the user are [image: there is no content]. The corrections can be then written as follows.


[image: there is no content]



(5)






Figure 3. Broadcasted FKP correction information.
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The subscripts o and I denote the components of the geometric and ionospheric signals, respectively. In addition, [image: there is no content] are the gradients in the north–south and east–west directions and elevation angle of the satellite at the user position, respectively [20,21]. These parameters are transmitted to the user through the network transport of the RTCM via the Internet protocol (NTRIP) in the form of an RTCM version 3.1 standard message. Based on the RTCM standard document, message type 1034 contains the FKP gradients and message type 1005 contains the station coordinates [21]. Regions where the users make use of the FKP service are such as many European countries including Germany, parts of America, Korea, Japan, and Australia [22].



The ephemeris error due to the spatial decorrelation is much smaller than the tropospheric delay. Hence, the correction used for the geometric errors can be used for the tropospheric delays. In addition, the sign of the correction for the ionospheric error should be reversed for the pseudorange measurements because the correction in Equation (5) is obtained for the carrier-phase measurements. Accordingly, Equation (5) is modified as follows.


[image: there is no content]



(6)







The subscript [image: there is no content] denotes the corrections made using the FKP messages. The residual errors due to the spatial decorrelation in Equation (4) could be then eliminated using the modified FKP corrections as follows.


uΔri∇jρ−(R¯i⋅uΔre¯i−R¯j⋅uΔre¯j−R¯u⋅e¯ui+R¯u⋅e¯uj+R¯u⋅e¯ui−R¯u⋅e¯uj)=(i∇jδT−rΔui∇jTmodeli)+(i∇jδI)≃(i∇jδTFKP−rΔui∇jTmodeli)+(−i∇jδIFKP)



(7)









3. FKP-DGPS Algorithm


3.1. RTCM Version 2.3


The development of the real-time FKP-DGPS algorithm is based on the DGPS messages, which are broadcasted in the RTCM version 2.3 format through the NTRIP. The broadcasting information in the RTCM version 2.3 contains various messages regarding the DGPS correction and network RTK. Among the various messages, the low-cost GPS receiver requires several messages such as message types 1, 2, 3, and 9 to obtain the position of the DGPS more accurately, instead of only a standalone position [23,24]. Including the u-blox receiver, which is a typical low-cost GPS receiver, the commercial low-cost L1 single-frequency GPS receivers have an interface to receive the RTCM version 2.3 messages for the DGPS. Figure 4 shows the structure of the message type 1 in the RTCM version 2.3. The structure comprises various information, such as pseudorange correction (PRC) and range-rate correction (RRC), which is expressed as pseudorange correction change rate in Figure 4, issue of data (IOD), and user differential range error (UDRE). The DGPS correction for each satellite in message type 1 is approximately 40 bits except for the parity data, and it is usually broadcasted every second. The PRC is the main information for the DGPS, and we explain the method of integrating the modified FKP corrections with the PRC information of the message type 1 in Section 3.3.


Figure 4. Structure of message type 1 in RTCM version 2.3.
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3.2. RTCM Version 3.1 [21]


The development of the real-time FKP-DGPS algorithm is based on the FKP messages, which are broadcasted in the RTCM version 3.1 format through the NTRIP. The broadcasting information in the RTCM version 3.1 contains various messages regarding the GPS observations and network RTK. Among the various messages, message type 1034 contains the GPS network FKP gradient message comprising geometric and ionospheric gradients as shown in Table 2. The FKP information per satellite in the message type 1034 is approximately 66 bits except for the parity data, and it is usually broadcasted at intervals in the range of 10~15 s.



Table 2. Structure of message type 1034 in RTCM version 3.1.







	
Data Field

	
Data Type

	
Number of Bits






	
GPS Satellite ID

	
unsigned int6

	
6




	
GPS Issue of data ephemeris (IDOE)

	
bit(8)

	
8




	
N0: Geometric gradient (North)

	
int12

	
12




	
E0: Geometric gradient (East)

	
int12

	
12




	
NI: Ionospheric gradient (North)

	
int14

	
14




	
EI: Ionospheric gradient (East)

	
int14

	
14




	
Total

	

	
66











3.3. Real-Time FKP-DGPS Algorithm [25,26]


Using the modified FKP corrections, shown in Equations (5) and (6), the PRC in message type 1 of the RTCM version 2.3 can be described as follows.


[image: there is no content]



(8)







In other words, we decoded the received message type 1 and integrated the PRC in the message with the modified FKP corrections using the FKP gradient information typically transmitted every 10~60 s. In addition, the tropospheric delays are generated using the Niell mapping function and Saastamoinen tropospheric zenith-delay model, which are recommended in the RTCM standard document. The integrated PRC of the FKP-DGPS is encoded in accordance with the format of the original message type 1.



Figure 5 shows the process of the real-time FKP-DGPS algorithm. First, the user and correction data are acquired such as the DGPS correction in the RTCM version 2.3 and the FKP correction data in RTCM version 3.1. Using the collected data, the tropospheric delays are generated, and the FKP corrections are calculated as explained previously using Equations (5) and (8). Finally, it is necessary to encode the generated FKP-DGPS correction in the form of message type 1 in the RTCM version 2.3 to directly apply it to the commercial low-cost L1 single-frequency GPS receiver. Thus, we can acquire the FKP-DGPS position in real-time at the output of the receiver.


Figure 5. Flow chart of real-time FKP-DGPS algorithm.
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4. Test Results


4.1. System Configuration


Currently, the GPS-related correction information is being broadcasted in Korea by various agencies such as National Geographic Information Institute (NGII), Korea Astronomy and Space Science Institute (KASSI), and National Maritime PNT Office (NMPO). Most of these services are widely used for the RSs operated by NGII. There are more than 50 RSs operated by NGII as described in Figure 6, providing various services such as VRS, MAC, FKP, and DGPS. The RSs are used to simultaneously broadcast the DGPS (mountpoint: DGPS_V2) and FKP correction (mountpoint: FKP_V31) information. Thus, several RSs located nearby the test users were selected to receive the corrections in the tests.


Figure 6. Reference Stations operated by NGII in Korea.
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4.2. Preliminary Test


Before improving the accuracy in the position domain using the FKP correction, a preliminary test was conducted on the range domain and the test data were analyzed through post-processing. The data were collected for an hour (2–3 pm in local time) on 24 September 2013. As the FKP RS, YANP station was selected which is 70 km east of INCH station as user. As analyzed previously, the divergence-free hatch-filtered (N = 1000) double-differenced (DD) measurements were used and (7) can be divided into two cases such as the residual error before applying the FKP corrections as [image: there is no content] and that after applying them as [image: there is no content].


α=uΔri∇jρ−(R¯i⋅uΔre¯i−R¯j⋅uΔre¯j−R¯u⋅e¯ui+R¯u⋅e¯uj+R¯u⋅e¯ui−R¯u⋅e¯uj)β=α−(i∇jδTFKP−rΔui∇jTmodeli)+(−i∇jδIFKP)



(9)







As shown in Figure 7, the residual errors decreased because of the positive effect of the FKP corrections. In addition, most of the range errors of each satellite were reduced by more than 0.1 m and the maximum reduced error is approximately 0.35 m on PRN #8 (the smallest elevation angle) as listed in Table 3. This is because the smaller the elevation angle, the higher is the error due to the spatial decorrelation [27].


Figure 7. (a) DD residual errors without FKP correction; and (b) DD residual errors with FKP correction.
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Table 3. DD residual errors without and with FKP correction.







	
DD Residual Errors (RMS 1)

	
PRN #1

	
PRN #4

	
PRN #8

	
PRN #11

	
PRN #17






	
Elevation Angle

	
49.9°

	
15.9°

	
14.3°

	
30.6°

	
43.3°




	
Before Case ([image: there is no content])

	
0.51 m

	
0.32 m

	
0.63 m

	
0.36 m

	
0.21 m




	
After Case ([image: there is no content])

	
0.36 m

	
0.11 m

	
0.28 m

	
0.37 m

	
0.14 m








1 Root mean square (RMS).









4.3. Static Test


To confirm the improvement in the accuracy of the DGPS of the low-cost single frequency GPS receiver using the modified FKP corrections in the position domain, static and dynamic user tests were conducted. First, the static test is introduced.



In the static test, Figure 8a shows the u-blox LEA-6T evaluation kit selected as the low-cost GPS receiver, which is one of the most popular and inexpensive commercial GPS receivers. It can be applied for the DGPS messages in the RTCM version 2.3. The static user is located at Bldg. 312 in Seoul National University in Korea. In addition, to confirm the effect of the FKP corrections corresponding to the baseline lengths which is the distance between the user and the RS, four RSs (YANP, WNJU, YOWL, and WULJ) were selected which are at distances of 50, 90, 140, and 225 km south–east of the user in sequence, as shown in Figure 8b.


Figure 8. (a) u-blox LEA-6T evaluation kit; and (b) Locations of reference stations.
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The test was conducted for approximately 12 h from 4 April 2017 10:30 in local time (UTC+09). To obtain the data from the four RSs simultaneously and let the receivers operate the DGPS and FKP-DGPS, eight receivers were used as the static user. In the test, an RS receiver of Trimble NetR9 and the eight u-blox receivers were connected to a Trimble Zephyr geodetic 2 antenna as shown in Figure 9. Using the measurements from the NetR9 and Zephyr antenna, a precise position was determined. Although the geodetic antenna reduces the noise level of the u-blox receiver compared to the original patch antenna, it does not reduce the bias error due to the spatial decorrelation, which can help in distinguishing the bias error from the noise-related error. In addition, Figure 10a shows the visible satellites in the sky during the test. Figure 10b shows the position dilution of precision (PDOP). The geometry of satellites affects the positioning accuracy and the dilution factor (DOP) depends solely on the geometry. Thus, the PDOP is normally presented with the positioning results in the field of GPS error analysis [28].


Figure 9. Configuration of the static test.
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Figure 10. (a) Skyplot in static test; and (b) PDOP during static test.
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Figure 11 shows the horizontal and vertical position errors of the DGPS and FKP-DGPS results of the WULJ RS, which is located farthest from the static user in the east-north-up (ENU) coordinate. It is easily confirmed that the horizontal result of the DGPS is slightly biased on the left side. However, the horizontal result of the FKP-DGPS seems unbiased, but slightly noisy. Furthermore, the positive effect of the FKP correction can be confirmed from the vertical result. The blank in the vertical results occurred when the correction data are not received from the NGII FKP server because of the server-side problem. The data in the blank are excluded from the analysis.


Figure 11. (a) DGPS horizontal error (WULJ); (b) FKP-DGPS horizontal error (WULJ); and (c) FKP-DGPS and DGPS vertical errors (WULJ).
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Figure 12 shows the reason for the bias in the horizontal result of the DGPS on the west side. Considering the rotation of the Earth, the appearance of satellites is in the east-west direction. Moreover, satellites with low elevation angles more significantly affect positioning results. In Figure 12, it is assumed that the west direction is positive, and the GPS satellite has low elevation angle. If [image: there is no content] are the measurement errors of the user and RS, respectively, and [image: there is no content] is equal to the correction from the DGPS RS, the residual error of the user after applying the correction from the DGPS RS can be positive, implying that the positioning error lies in the west direction. Figure 12a shows the case wherein the GPS satellite is on the east side of the user and RS. Figure 12b shows the case wherein the GPS satellite is on the west side of the user and RS.


Figure 12. (a) case I—GPS satellite is on the east side of user and RS; and (b) case II—GPS satellite is on the west side of user and RS.
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Table 4 and Table 5 present the detailed numerical results including the results of other stations. The results show that the FKP-DGPS has more accurate positioning accuracy than the DGPS. With the increase in the baseline length, the effect of the FKP correction on the errors due to the spatial decorrelation increases with respect to the positioning accuracy. Thus, in cases of the FKP-DGPS, the improvements of the 95% horizontal accuracy of all stations are 3%, 18%, 26%, and 40% for the corresponding baseline lengths of the RSs compared to the accuracy of the DGPS. In particular, the error components of the east direction are visibly reduced when the FKP-DGPS is applied, which were large when the corrections were used from an RS far apart from the user in the east direction of DGPS. Based on the statistics in Table 4 and Table 5, Figure 13a shows the 95% horizontal and vertical results corresponding to the baseline lengths. In addition, Figure 13b shows the RMS errors in the north, east, and downward directions. In Figure 13, the dashed line indicates the FKP-DGPS and the solid line indicates the DGPS. The results show that the accuracies of the FKP-DGPS remain largely constant even if the baseline lengths increase. The valid baseline length of the FKP correction for the pseudorange measurements is clearly above 200 km.


Figure 13. (a) 95% position accuracies corresponding to baseline lengths; and (b) RMS errors in north, east, downward directions corresponding to baseline lengths.



[image: Ijgi 06 00222 g013]






Table 4. Horizontal errors corresponding to baseline lengths.







	
Horizontal

	

	
YANP (50 km)

	
WNJU (90 km)

	
YOWL (140 km)

	
WULJ (225 km)






	
50% Accuracy 1

	
DGPS

	
0.40 m

	
0.57 m

	
0.71 m

	
0.93 m




	
FKP-DGPS

	
0.44 m

	
0.42 m

	
0.43 m

	
0.46 m




	
95% Accuracy

	
DGPS

	
1.05 m

	
1.18 m

	
1.34 m

	
1.69 m




	
FKP-DGPS

	
1.02 m

	
0.97 m

	
0.99 m

	
1.01 m




	
RMS 2 (North)

	
DGPS

	
0.43 m

	
0.45 m

	
0.50 m

	
0.52 m




	
FKP-DGPS

	
0.45 m

	
0.42 m

	
0.45 m

	
0.45 m




	
RMS (East)

	
DGPS

	
0.41 m

	
0.51 m

	
0.65 m

	
0.91 m




	
FKP-DGPS

	
0.33 m

	
0.32 m

	
0.32 m

	
0.35 m








1 Circular error probability (CEP), 2 Root mean square (RMS).








Table 5. Vertical errors corresponding to baseline lengths.







	
Vertical

	

	
YANP (50 km)

	
WNJU (90 km)

	
YOWL (140 km)

	
WULJ (225 km)






	
50% Accuracy

	
DGPS

	
0.52 m

	
0.56 m

	
0.57 m

	
0.80 m




	
FKP-DGPS

	
0.54 m

	
0.55 m

	
0.47 m

	
0.51 m




	
95% Accuracy

	
DGPS

	
1.51 m

	
1.60 m

	
1.66 m

	
2.15 m




	
FKP-DGPS

	
1.68 m

	
1.60 m

	
1.41 m

	
1.50 m




	
RMS

	
DGPS

	
0.77 m

	
0.83 m

	
0.85 m

	
1.11 m




	
FKP-DGPS

	
0.84 m

	
0.81 m

	
0.71 m

	
0.77 m










An additional test was conducted to compare the performance of the user-oriented FKP-DGPS with those of other alternatives, such as SBAS or VRS-DGPS. The configuration of the additional test is largely similar to that of the static test; the u-blox LEA-6T evaluation kit is used, and the user is located at Bldg. 312 in Seoul National University. Figure 14a shows the visible satellites in the sky during the test. Figure 14b shows the PDOP. The test was conducted for approximately 3 h from 1 July 2017 13:30 in local time (UTC+09). For the SBAS test, PRN 137 satellite of MSAS was used, which is observed at the elevation of 43° and the azimuth of 151° in Korea. For the VRS-DGPS test, we need an assumption on the dynamic user and its situation to compare the performance with VRS-DGPS, because there is no infrastructure for VRS-DGPS in Korea.


Figure 14. (a) Skyplot in additional test; and (b) PDOP during additional test.
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The SBAS mode of the U-blox receiver had been set to be enabled via the u-center program. Once the configuration was set to the SBAS mode, the rover can apply the augmentation message to generate the range correction appropriate to the rover’s real-time position, because the same SBAS message is broadcast to all the users in the service area regardless their location.



On the other hand, a generic VRS system provides the rover’s proper correction only after it got the rover’s approximate position. Moreover, a VRS user without multi-channel datalinks to nearby VRSs might experience performance degradation or discontinuity due to the absence of the correction during the handover from the previous VRS to a new one. Assuming a user who left from WULJ and arrived at Seoul without updating its real-time position because of privacy problem or RS handover issue, the static DGPS accuracy using WULJ correction is equivalent to the VRS-DGPS accuracy of the rover at Seoul, because its VRS was not changed from the initial VRS, WULJ, through the entire journey.



In general, the SBAS has much wider coverage, but it has similar or lower positioning accuracy than the local area DGPS whose coverage is within 150 km [29]. Figure 15 shows the horizontal and vertical position errors of the SBAS, DGPS and FKP-DGPS results in the east-north-up (ENU) coordinate. In this test, the DGPS show the position error of the user of the previous VRS-DGPS assumption at Seoul, wherein the correction from the WULJ RS is used. We can easily confirm that the horizontal and vertical results of the FKP-DGPS are much better than those of the SBAS and DGPS. Table 6 lists the detailed numerical results.


Figure 15. (a) Horizontal Error (SBAS, DGPS, and FKP-DGPS); and (b) Vertical Error (SBAS, DGPS, and FKP-DGPS).
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Table 6. Position accuracies (SBAS, DGPS, and FKP-DGPS).







	

	

	
SBAS

	
DGPS

	
FKP-DGPS






	
50% Accuracy

	
Horizontal

	
0.62 m

	
0.63 m

	
0.43 m




	
Vertical

	
1.06 m

	
1.16 m

	
0.53 m




	
95% Accuracy

	
Horizontal

	
1.17 m

	
1.46 m

	
0.87 m




	
Vertical

	
4.23 m

	
2.35 m

	
1.51 m




	
RMS

	
North

	
0.54 m

	
0.50 m

	
0.42 m




	
East

	
0.49 m

	
0.59 m

	
0.29 m




	
Vertical

	
1.98 m

	
1.37 m

	
0.77 m











4.4. Dynamic Test


Using the developed real-time FKP-DGPS software, we conducted a dynamic test to verify the feasibility of the FKP corrections for the dynamic user. The configuration of the dynamic test is largely similar to that of the static test. The u-blox LEA-6T evaluation kit is selected as the low-cost GPS receiver. Moreover, a Trimble zephyr model 2 antenna was used as the antenna. In the dynamic test, four RSs (YANP, WNJU, YOWL, and WULJ) were selected located at distances of 50, 90, 140, and 225 km south–east of the user in sequence. The dynamic test system was implemented in a land vehicle as shown in Figure 16c, which was driven inside the parking lot of Seoul Grand Park, as shown in Figure 16a. The blue line describes the trajectory of the dynamic user. The test was conducted for approximately 25 min from 25 May 2017 15:00 in local time (UTC+09). Figure 16b,d show the visible satellites in the sky and PDOP during the test.


Figure 16. (a) Location of dynamic test; (b) Skyplot in dynamic test; (c) Land vehicle as dynamic user; and (d) PDOP during static test.
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Figure 17 shows the horizontal and vertical position errors of the DGPS and FKP-DGPS of the WULJ RS, which is the farthest from the static user, in the ENU coordinate compared to the reference positions obtained using the Trimble NetR9 receiver with post-processing Trimble Business Center (TBC) software. The results are similar to the static test results. We can easily confirm that the horizontal result of the DGPS is slightly biased to the west side, whereas the FKP-DGPS obtains a more accurate horizontal positioning than the DGPS. Table 7 and Table 8 list the detailed numerical results along with the results of other stations.


Figure 17. (a) DGPS horizontal error (WULJ); (b) FKP-DGPS horizontal error (WULJ); and (c) FKP-DGPS and DGPS vertical errors (WULJ).
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Table 7. Horizontal errors corresponding to baseline lengths.







	
Horizontal

	

	
YANP (50 km)

	
WNJU (90 km)

	
YOWL (140 km)

	
WULJ (225 km)






	
50% Accuracy

	
DGPS

	
0.28 m

	
0.40 m

	
0.59 m

	
0.82 m




	
FKP-DGPS

	
0.20 m

	
0.26 m

	
0.25 m

	
0.21 m




	
95% Accuracy

	
DGPS

	
0.49 m

	
0.79 m

	
0.81 m

	
1.16 m




	
FKP-DGPS

	
0.40 m

	
0.54 m

	
0.44 m

	
0.44 m




	
RMS (North)

	
DGPS

	
0.22 m

	
0.22 m

	
0.22 m

	
0.17 m




	
FKP-DGPS

	
0.18 m

	
0.22 m

	
0.22 m

	
0.17 m




	
RMS (East)

	
DGPS

	
0.21 m

	
0.41 m

	
0.56 m

	
0.83 m




	
FKP-DGPS

	
0.15 m

	
0.25 m

	
0.17 m

	
0.19 m










Table 8. Vertical errors corresponding to baseline lengths.







	
Vertical

	

	
YANP (50 km)

	
WNJU (90 km)

	
YOWL (140 km)

	
WULJ (225 km)






	
50% Accuracy

	
DGPS

	
0.33 m

	
0.62 m

	
0.94 m

	
1.74 m




	
FKP-DGPS

	
0.44 m

	
0.71 m

	
0.82 m

	
0.45 m




	
95% Accuracy

	
DGPS

	
1.19 m

	
2.20 m

	
1.93 m

	
2.88 m




	
FKP-DGPS

	
1.30 m

	
2.35 m

	
2.02 m

	
2.23 m




	
RMS

	
DGPS

	
0.58 m

	
1.06 m

	
1.10 m

	
1.89 m




	
FKP-DGPS

	
0.67 m

	
1.14 m

	
1.08 m

	
0.92 m










Like the static test, the FKP-DGPS has more accurate positioning accuracy than the DGPS for most of the results because of the compensate error factors due to the spatial decorrelation. Thus, in the cases of the FKP-DGPS, the improvements of the 95% horizontal accuracy of all stations are 18%, 32%, 46%, and 62% for the corresponding baseline lengths of the RSs compared to the accuracy of the DGPS. Although it is not clear to show the vertical accuracy improvement via the FKP-DGPS in a short-time period of the dynamic test, the error components of the east have definitely reduced. Figure 18a shows the 95% horizontal and vertical error tendency to the baseline length. Figure 18b describes the RMS of the error for each direction based on the result of Table 7 and Table 8. In Figure 18, the dashed lines indicate the FKP-DGPS and the solid lines indicate the DGPS. From these figures, we can confirm that the FKP-DGPS can significantly contribute to the reduction in the spatial decorrelation effect in the position-domain and the improvement in the position accuracy.


Figure 18. (a) 95% position accuracies corresponding to baseline lengths; and (b) RMS errors in north, east, and downward directions corresponding to baseline lengths.
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5. Conclusions


In this study, we suggested a real-time user-oriented FKP-DGPS algorithm as a new augmentation method to improve the positioning accuracy of the DGPS. While the DGPS is the most popular augmentation system for a low-cost L1 single-frequency GPS receiver, the FKP is originally used for carrier-phase-based positioning to reduce the spatial decorrelation. To use the FKP method to improve the current DGPS accuracy without implementing a unique infrastructure for the service, we modified the FKP correction for the low-cost GPS receiver. To implement the user-oriented method to real-world applications, we combined the DGPS correction from the current DGPS server and the FKP correction from the current network RTK server operated by the NGII, and then provided the modified correction in the format of the message type 1 in the RTCM version 2.3. To verify its effect, mathematical and preliminary test-based analyses have been conducted before developing the real-time FKP-DGPS software. The preliminary-test results show that the DD residual errors with the FKP correction are less compared to those without the FKP correction. After identifying its positive effect through the analyses, the FKP-DGPS software was developed in visual C++ and several static and dynamic tests were conducted to improve the accuracy of the DGPS using the modified FKP correction. From the test results, we can confirm the improvement in the positioning accuracy of the DGPS and the positive effect of the modified FKP corrections. In the static test, compared to the accuracy of the DGPS, the improvements of the 95% horizontal accuracy of all the stations are found to be 3%, 18%, 26%, and 40% for baseline lengths of 50, 90, 140, and 225 km, respectively, which are located along the south-east direction with respect to the static user. Furthermore, the improvements in the vertical accuracy have been identified. From the dynamic test, it is difficult to identify the improvements in the vertical accuracy because the test was conducted for a short period. Nevertheless, compared to the accuracy of the DGPS, the improvements of the 95% horizontal accuracy of all the stations are 18%, 32%, 46%, and 62% for the corresponding baseline lengths. The results of the additional test show the FKP-DGPS has better performance rather than the SBAS. Hence, the new real-time FKP-DGPS algorithm is expected to exploit many applications used in our daily lives such as smartphone, car navigation, and Internet of things (IoT) devices.
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