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ABSTRACT 
 

The employment of mass-market receivers in a differential mode is not a standard 

procedure, especially into a network for Real Time Kinematic positioning (NRTK 

positioning). This is because only few mass-market receivers are able to yield raw data as 

output, almost no one accepts differential corrections, and for many applications is 

sufficient the WAAS augmentation. Actually, the improvements that can lead to the 

establishment of a network of Continuous Operating Reference Stations (CORSs) can be 

much higher with regard to these receivers, on condition that the raw data (code or 

carrier-phase measurements) are used with special precautions. These receivers are very 

often used for the infomobility purpose, but can also be used for precise farming. 

This chapter focused on the quality control of GNSS positioning in real-time to show 

how networks using NRTK positioning for different inter-station distances in a real-time 

approach, and how CORSs networks are useful for mass-market receivers. Numerous 

experiments have been carried out on different types of networks and differential 

corrections, so we would like to show the results of such tests for the quality control of 

real-time positioning.  

Excellent results have also been obtained with regard to two mass-market receivers 

and two antennas settled on the roof of a vehicle. The purpose of these experiments was 

not to determine the direction of the vehicle, but to constrain the ‗network‘ and, 

simultaneously, to filter the outliers. The experiments were conducted by splitting a 

single frequency antenna (Garmin) to both the uBlox 6T receiver and the geodetic 

receiver (Leica 1200), using the VRS® correction and the differential correction of the 

nearest station (about 20 km far away). When considering the positioning obtained by 

using float ambiguity (about 40%), the errors can be tightly controlled within the 

previously established parameters (S/N and HDOP). In this way, at least 50% of the 

trajectory has a maximum error of less than 20 cm. By using the nearest correction, we 
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have obtained a smaller quantity of integer ambiguity fixing, thus possible to control the 

quality of the positioning using the HDOP and S/N parameters. 

 

Keywords: Quality control, precise farming, infomobility applications, NRTK positioning, 

mass-market instruments, real-time applications 

 

 

2.1. INTRODUCTION 
 

The GNSS positioning of mass-market receivers into a NRTK (Network Real Time 

Kinematic) network is nowadays a common practice [1]. The large majority of these receivers 

are in fact used for applications of medium/low precision, such as car navigation, hiking and 

to locate transport (also transport goods). These instruments can also be found in mobile 

phones for pedestrian navigation. For such purposes, stand-alone positioning is certainly 

sufficient but, if that is not enough, it is possible to use the augmentation provided by SBAS 

systems, which leads to an even better level of accuracy, which is currently around 2m in 

planimetry, with a 95% probability. 

The reason for the widespread diffusion of these receivers is their low cost. The GPS chip 

is produced in millions of copies and costs only a few euros. The cost of these receivers 

assembled in ‗evaluation kits‘ together with an antenna is about € 200-300. In addition to the 

applications mentioned above, these receivers may also be used in new widely deployed 

applications which require a higher level of precision than that provided by SBAS systems 

but lower than that provided by the receivers, as many of the tests which have been performed 

have shown good precision as regards raw data. This level of accuracy can be achieved by a 

combination of mass-market receivers and NRTK products. 

Among the applications that have spread rapidly in recent years are infomobility and 

precision farming. In the first case, the increase of the accuracy can be useful, for example, 

for automating the payment of parking or highways, or more generally for localization 

purposes. In agriculture a high level of accuracy is required for applications such as seeding, 

fertilizing or weeding. In both cases, the results must be available in real-time. Because the 

vehicles are moving in a hard-urban environment, with multi-frequency or multi-constellation 

receiver which ensures high data redundancy not being available, it is even more important to 

control the quality of the positioning in real-time. 

This chapter first explored the usual features of a NRTK network with regard to what its 

products in real-time are, and then presented the applications of the mass-market receivers 

and antennas in terms of those that provide only the C/A measurements, and those which also 

provide the L1 carrier phase measurement, the Doppler and the S/N (signal to noise ratio) 

signal. This chapter also showed the results achieved by considering only the pseudorange 

measurements. The quality of the positioning is improved by weighing the measures through 

the use of more than one receiver settled on a moving vehicle. Finally, this chapter analyzed 

what can be achieved by considering both pseudorange and carrier-phase measurements. 

 

 

 

 



Quality Control of the NRTK Positioning with Mass-Market Receivers 19 

2.2. NRTK NETWORKS AND THEIR PRODUCTS 
 

A network of permanent stations for real-time positioning is an infrastructure consisting 

of three parts: one part consists of all the permanent stations in a certain area (more or less 

extended), with accurately known position, that transmit their data to a control center in real-

time. The second part consists of a control center which receives and processes the data of the 

stations in real-time, it fix the ambiguity phase for all satellites of each permanent station and 

calculating ionosphere, tropospheric biases etc. The third part is the set of network products 

that can be provided from the control center to the user. The less elaborate product is the raw 

measurement file of each permanent station that the user may require for post processing 

purposes. 

The accuracy of real-time positioning depends mainly on the type of receiver (whether it 

is single frequency or low-cost) and antenna (whether it is patch, mass-market or geodetic) 

used, as well as also the size of the network dimension [2]. The most required products are 

the stream data called ‗differential corrections‘ which are provided in real-time from the 

control center to each user who needs to perform real-time positioning. These differential 

corrections are usually broadcast through the web, according to the RTCM standard encoded 

by the Homonymous Commission [3], with a specific protocol both for decoding and a user 

authentication called NTRIP. The correct fixing of the network ambiguity phase allows the 

correct estimation of these biases. The biases calculated from the control center are spatially 

highly correlated and can easily be interpolated in the position of the various over receivers 

[4]. If the rover receiver performs the differential positioning using data provided by the 

network, it can also fix the ambiguity phase and give high accuracy for positioning in real-

time. 

There are various interpolator modalities, which are more or less complex, depending on 

their computational payload (in the sense that in certain cases the major work needs to be 

done by the user receiver, and in other cases it will be carried out according to the network 

software) [5]. Three specific alternatives are outlined here: 

 

 MAC (Master Auxiliary Concept): in this modality the data from one of the network 

stations called ‗master‘ (usually the closest station to the rover) together with the first 

differences of some stations in a subnet (called cell) that are close to the rover 

receiver, called ‗auxiliary‘, are transmitted to the rover. Using this mode, the network 

load transmission and the computation of the receiver are high, but the results are 

generally very good. The network software only has the task of fixing the common 

ambiguity phase level and transmitting the MAC corrections. Inside the cell, the 

correction is the same for all receivers and may also be transmitted by radio. Mass 

market receivers do not have sufficient computing power to use this correction 

technique. 

 FKP (Flächen-Korrektur-Parameter): in this modality, the network model includes 

biases inside the network area, usually with very simple linear functions, and 

transmits the data of a station, usually the closest to the rover, together with the 

parameters of this model. The rover must interpolate these data in its position and to 

apply this while taking into account its approximate position. 
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 VRS
®

 (Virtual Reference Station): in this modality, the task of the network software 

is not only to model, but also to interpolate these biases in the position of the rover 

receiver, which uses these corrections as if they came from a master station that 

really exists. The task of the network software increases, while it decreases that of 

the receiver [6]. The rover receiver also must not have special computing power, but 

it must able to use the differential corrections and to fix the ambiguity phase [7,3,8]. 

The receiver must transmit to the control center its approximate position (for 

example through the NMEA, National Marine Electronics Association message). 

 

This last modality, which requires the broadcasting of ‗correct‘ pseudorange and carrier-

phase measurements, is also ideal for the use of single frequency or mass-market receivers. It 

is not necessary, in fact, that these types of receivers be able to use all the information 

broadcasted by the network software if the receiver can only use the pseudorange and carrier-

phase measurements on the first GPS frequency L1. 

 

Table 1. Characteristics of used receivers 

 

Receivers 
LEA EVK-5T 

(uBlox) 

LEA EVK-5H 

(uBlox) 

Leica 1230GX+ GNSS 

(Leica Geosystems) 

Image 

 

 
 

 
Default 

Antenna 
patch patch Geodetic 

Nr. of channels 50 50 120 

Constellations GPS GPS GPS+GLONASS+Galileo 

Type of 

observations 

GPS: C/A, L1, Doppler, 

S/N 

GPS: C/A, L1, Doppler, 

S/N 

GPS: C/A, L1, L2, L5 

Doppler, S/N 

GLONASS: L1/L2,  

Galileo:E1, E5a, E5b, 

Alt-BOC  

Position 

update rate 
0.25 ÷ 1000 Hz 0.25 ÷ 1000 Hz 0.2 ÷ 100 Hz 

Corrections 

type 

RTCM 2.x, RTCM 3.0, 

SBAS 

(WAAS/EGNOS/MSAS/

GAGAN) 

AssistNow Online & 

Offline
1
 

RTCM 2.x, RTCM 3.0, 

SBAS 

(WAAS/EGNOS/MSAS/

GAGAN) 

AssistNow Online & 

Offline 

RTCM 2.x, RTCM 3.0 

CMR / CMR+ 

Raw data 

format 
ubx ubx Mdb 

                                                        
1
 Some information about this type of corrections is available from: http://www.u-blox.com/en/assisted-gps.html 
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Table 2. Characteristics of used antennas 

 

Antenna 
uBlox antenna patch 

(uBlox) 

Garmin LEIAT502 

(Leica Geosystems) 

Image 

 

 
 

Gain 15 ÷ 50 dB 
27 dB on the average 

17 dB 

Cost about 300 € with receiver 
about 40 € 

about 1000 € 

 

This positioning method, despite it being more complex for the network software, also 

allows direct generation from the control center, while some of the ‗synthetic‘ data files 

required are ideally equivalent to ones that could be generated by a permanent station located 

near the rover site. These files are produced in standard RINEX format, are also called 

‗Virtual Rinex‘ and allow for high accuracy of the positioning in a differential post-

processing approach. 

 

 

2.3. MASS-MARKET RECEIVERS AND ANTENNAS USED 
 

For the experiments, the authors used some mass-market receivers from the uBlox
®
 

company, together with geodetic receivers from the Leica Geosystems
®
. These last 

instruments are only used to control the accuracy of the positioning achieved with mass-

market receivers. Three antennas were used: a magnetic patch antenna, supplied with the 

receiver uBlox
®
, a geodetic antenna provided from Geosystems

® 
and a low cost Garmin 

antenna. Table 1 and Table 2 summarize the characteristics of the antennas and the tools used: 

Only the geodetic receiver is equipped with an internal memory and it was used to verify, 

in post processing, the accuracy of the trajectory performed. All experiments were performed 

by mounting the antennas on a mobile vehicle, using an antenna splitter
2
 (Figure 1) which 

allowed for simultaneous GNSS positioning for two receivers. 

Both three receivers and three different antennas were analyzed. The aim was to find a 

good compromise between costs and position performances. The cost of the geodetic antenna 

is about € 1000, while the magnetic antenna of the uBlox
® 

receiver was provided with an 

evaluation kit for a total cost of € 300. To understand if there might be some benefits in the 

use of different antennas, the authors carried out some experiments, driving complex 

trajectories for parking in one shopping center, using the three previously mentioned antennas 

connected to the same receiver. The data collected were then processed in a ‗point 

positioning‘ mode, as shown in Figure 2-a, Figure 2-b, Figure 2-c. 

                                                        
2
 This instrument allows splitting the GNSS signal which arrives at the antenna to more than one receiver 



Ambrogio Manzino and Paolo Dabove 22 

 

Figure 1. The splitter used in these tests (on the car seat). 

 
a 

 
b 

Figure 2. (Continued). 
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c 

 
d 

Figure 2. Data processed in point positioning modes. 

Analyzing the trajectories obtained qualitatively, it may be noted that the Garmin antenna 

(Figure 2-c) has very good performance in terms of trajectory, in a more or less similar way to 

the geodetic antenna (Figure 2-b), except for a small stretch on the north-west side. 

Investigating what could be the reason for this noise, it was noted that a high wall (about 4 

meters) is located near this area of the supermarket which is covered entirely by reflective 

surfaces (Figure 2-d). Although the GPS satellites are not pointing in that direction (because 

this is in the North direction), it is possible to affirm the existence of some disturbance 

deriving from high multipath values which are traceable in the observations. 

In order to verify the achievable accuracy on the uBlox EVK-5T receiver with the 

correction systems available nowadays, it was decided to locate the receiver on a stable and 

undisturbed site, considering a session length of 24 hours, so that results which were 

independent from those of the GNSS satellite constellation could be used. This point, which 

was settled in a known position determined with high accuracy (the coordinates of which 
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have been compensated by the scientific software GPS Bernese v.5.0), has allowed the 

evaluation of the positioning errors during the acquisition sessions. 

In Figure 3 it is possible to see the graph, which shows the cumulative distribution 

frequency (CDF) of the planimetric error within 24 hours of measurement using different 

types of corrections. The blue curve represents the cumulative error with EGNOS correction, 

while the green curve represents the cumulative error using uBlox correction (Assist Now 

Online, (http://www.u-blox.com/en/assisted-gps.html). As it is possible to note, 95% of the 

planimetric errors are less than 1.9 m with the first correction and less than 2 m with the 

second one. However, in both cases, it is not possible to go down below the accuracy of a 

meter in planimetry: this level of accuracy may be sufficient for some navigation purposes, 

but not for those that we have proposed. 

Analyzing the correlation over the time these errors occurred, very interesting 

information may be found. The planimetric biases are in fact highly correlated with each 

other. The position, even if it has a bias to 2 m, changes very little after a few minutes of 

measurement. This means that it may be possible to make a better use not of the positioning, 

but of the direction of motion. Calculating the moving average of these errors and the 

dispersion, it is possible to note that, even after a minute, the 95% of reliability the 

planimetric dispersion is better than 20 cm. For precision farming this means that the initial 

position of the vehicle must be chosen by the driver, because it is not very precise, but the 

alignment may be assisted by the GPS receiver. Figure 4 shows the cumulative frequency 

curve of the mobile planimetric dispersion error. These curves can also be used to understand 

to improve the estimation of the direction of motion through a dynamic model that uses the 

Kalman Filter. 

 

 

Figure 3. CDF of the planimetric error with EGNOS correction. 
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Figure 4. CDF of the rms of mean planimetric error with EGNOS correction after 10, 30,… 7200 

seconds. 

 

2.4. KINEMATIC POSITIONING USING ONLY  

THE PSEUDORANGE MEASUREMENTS  
 

In this section we will analyze the levels of accuracy available considering the quality 

control in kinematic positioning, using only the pseudorange measurements of mass-market 

receivers already described. In the first part the quality control performed by a method based 

on the weighing of the observations will be presented, while in the second part the quality 

control is also performed by the use of two or more low cost receivers. The tests carried out in 

these cases, and the results shown, are obtained from a kinematic post processing approach, 

which considers each epoch as being independent.  

This approach derives from the fact that it was easier, with the data of a single path, to 

perform the comparison of the results obtainable by different types of treatment. These 

treatments, after reviewing the best results obtained in post processing, can then be applied in 

real-time. The second part of the post processing analysis is related to the joint use of a 

geodetic receiver connected to a splitter of the antenna. The trajectory obtained by the uBlox 

receiver was compared with that obtained from a differential approach using the geodetic 

receiver, in post processing. The graphs show that the residuals then referred to in the 

trajectory were obtained with geodetic receivers constitute the ‗true‘ trajectory. 
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2.4.1. One Receiver Used  
 

The data obtained from these experiments were treated with prototypal software 

developed by the Authors in Matlab
®
, considering the differential technique and a master 

receiver located a few kilometers from the route. With reference to some previous 

experiments that are not reported here, it is possible to obtain very similar results even with 

the use of a Virtual Rinex file, obtained as the product of a network of permanent stations. 

The Authors have been implemented the first differences of the pseudorange measurements in 

the prototypal software. It will analyze almost always the planimetric accuracy, the real target 

when there are used these receivers. In a differential approach, it is possible to switch from 

metric to decametric errors considering a point positioning obtained with the least squares 

solution compared with the ‗true‘ solution derived by the geodetic instrument. The first paths 

examined are those visible in Figure 9. These results are obtained with reference to parking in 

a supermarket. A comparison with the solutions obtained from the geodetic receivers with 

fixed ambiguities showed an average errors of 47 cm +/- 24 cm in planimetry (Figure 5-a), 

using the identity matrix for the weights matrix. 

The use of different weights, for measurements obtained from different satellites, can 

affect a result in terms of accuracy, but it is even more useful to improve the accuracy and to 

reduce widely dispersed positioning: for this reason, in addition to the average values of the 

planimetric errors are also reported the rms (root mean square). Typically the measures 

obtained from those satellites that are or rising or setting, are often noisy. However, by 

adopting the EUREF method (or even similar ones) suggested for permanent stations, worse 

results were obtained than by using the unitary weights matrix. This is reasonable, because 

the noise of the satellites in a kinematic path derives also from the ever-changing environment 

of the rover and does not resemble the conditions of a permanent station.  

Particular attention has been devoted to the increasing the quality of the positioning of a 

C/A-code receiver in real time, and to analyzing and investigating the innovative methods 

tested by the Authors that involve the indicators provided by the rover itself, such as the 

signal to noise ratio (S/N) and the redundancy of the observations [9]. To take account of this 

and other situations, which may lead to some errors in measurement, the prototypal software 

has been modified to consider the weight matrix as a function of the signal/noise ratio (S/N). 

It should be noted that the value of this parameter is provided by the uBlox receivers and does 

not pass through very rough normalizations, as those produce RINEX files. It is used i.e.: 

 

 (1) 

 

In this way the results were very different: the average error is in fact 0.468m ± 0245 m. 

Finally, the Authors have also considered the geometric influence that each satellite can 

have on the positioning. This information comes from the local redundancy. The redundancy 

matrix R can be derived a-priori, before the survey and is available in real-time. 

Remembering that: 

 

 (2) 

 /j j
p S N

 
1
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where H is the design matrix and I is the identity matrix. In this way it is possible to consider 

also the importance that the measure assumes in the coordinate estimation. In this case the 

weight is: 

 

 (3) 

 

 
a 

 
b 

Figure 5. A comparison obtained from geodetic receivers. 

In this way, the mean value of the planimetric error decreases by about 5 cm and this also 

reduces the noise, from 24 to 22 cm. This means that we have been mitigated the maximum 

errors, which in part are visible from Figure 5-b. The result obtained gives accuracies 3-4 

times better than those obtainable with the EGNOS positioning. 

 /j

j j j
p r S N
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It is interesting to understand what the degradation of the pseudorange signal of a mass 

market receiver is, compared to a geodetic one, and if these weighing methods can also be 

applied to these instruments. For this reason, the Authors have processed the only 

pseudorange data of the Leica receiver with the same criteria. It is evident that there are no 

application results, but it may represent the lower limit of the error, helpful only for this path. 

The data are processed by considering both the weights (1) and (3) approach. In the first case 

the mean planimetric errors are 0.124 ± 0.062 m, and in the second case they are 0.092 ± 

0.049 m. It is possible to see, even with these receivers, that there is a small benefit. 

Although the results are good, and suitable in agriculture; for example for the fertilization 

practice; observing carefully the residuals it appears that, in both cases, the introduction of a 

dynamic of motion may decrease much more the noise of the trajectory. This is a prelude to 

the use of the Kalman filter, which was used in the experiments described below that make 

use of multiple receivers simultaneously. 

 

 

2.4.2. Considering Two or More Receivers  
 

In the trajectory estimation of a vehicle in real time, one of the problems is that, in 

addition to determining a solution as correct as possible, this must be obtained in less time 

than or equal to the data acquisition. Although modern computers can rapidly process a large 

amount of data, it is necessary to consider that there are complex equations systems which are 

still difficult to resolve in a few epochs. 

One of the algorithms that optimize the data processing in real-time is the Kalman filter. 

This tool can be considered an efficient recursive filter that evaluates the state of a dynamic 

system from a series of measures subject to noise. Due to its characteristics, the Kalman filter 

is an excellent filter for the noise and interference acting on zero-mean Gaussian systems. The 

big advantage that we can obtain when considering GNSS measurements, is the possibility of 

updating a least squares estimation without recalculating the entire system (and also without 

considering all the measurements acquired at earlier times). 

In this case, the idea is to determine, at every second, the position of a generic number of 

GPS antennas mounted on a vehicle and connected to as many low-cost GPS receivers. The 

innovative idea is due to the fact that there is no software that allows the network kinematic 

positioning of any number of receivers, even low-cost ones, nowadays. 

These instruments were installed on a car (Figure 6). The master antenna (Leica 

GX1230+) was located in the centroid of the system, while the two low cost and single-

frequency mass-market receivers, connected to L1/L2 antennas (Leica AT502), were located 

on either side of the LCMMS (Low Cost Mobile Mapping System).  

Here we wish to propose an estimation procedure which takes advantage of a multiple 

antenna system, not primarily to obtain the attitude of the vehicle, but to strengthen and 

filtering the solution by gross-errors, always present with these receivers and in these 

environments. 

If the pseudorange equation can be expressed as: 

 

 
 

1( )p p p p p p

k k k GD k kP cdT c dt T I T       
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Performing the double differences approach, the satellite and receiver clocks biases can 

be elided while the troposphere and ionosphere effects can be neglected: 

 

 
 

 

Figure 6. The system used in this test. 

Assuming also that the accidental errors can be neglected, the equation become: 

 

 
 

So, if h denote the master receiver and k the rover one, it is possible to write: 

 

 
 

which must be linearized [1]. So it will be possible write the design matrix H as: 

 

 
 

this contains the partial derivatives of the pseudorange equations respect to the unknown 

considered. 

pq pq pq

hk hk hkP I  pq

hkT 

pq pq pq

hk h kP   

2 2 2

2 2 2

( ) ( ) ( )

( ) ( ) ( )

pq pq pq p p p

hk h k k k k

q q q

k k k

P x x y y z z

x x y y z z
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The state vector therefore contains the variations of the receivers‘ coordinates: 

considering 3 rover antennas (as in the case that it will be analyze below) it is possible to talk 

about on a Kalman filter with 9 states. 

 

The Velocity Estimation 
Furthermore, with a Kalman filter, is also possible to model and to estimate the dynamic 

parameters of an object. The choice of how to do this depends both on the object considered 

(either air or terrestrial vehicle or pedestrian application) and the updating rate of the 

measures. Assuming that, for the precision required by the Mobile Mapping, the motion is 

linear and the velocity variations are very small between two epochs, the transition matrix F 

can be expressed, for a generic rover, as: 

 

 
 

where, as can be seen, with regard to the difference between two successive epochs; in this 

formula the apex and the subscript mean the number of rows and columns respectively. By 

considering 3 receivers and by wishing to determine also the velocity estimation, the 

unknowns of the problem add up to 18 (3 coordinates + 3 velocity components multiplied by 

3 receivers). It is thus possible to talk about on a Kalman filter with 18 states. 

 

The Pseudo Observation Equations 
To improve and to control the trajectory, the Authors also have chosen to insert, between 

the observation equations for every epoch, details of the constraint equations relating to the 

distance between the antennas, since they are mounted on steel bars anchored rigidly to the 

vehicle, the distance between them does not change even if the vehicle is in motion. This 

information must be included in the design matrix H. If the distance is expressed as follows: 

 

 
 

where i and j represents two generic receivers, the design matrix becomes: 

 

 

3 3

3 3

3 3

3 30

I t I
F

I

   
   
   

     
2 2 2

1,2 measuredi j i j i jx x y y z z d     
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where, in the last lines (framed in orange), it is possible to see the pseudo distance equations 

between the antennas. 

In order to improve the positioning performance of the algorithm, the calibration and the 

tuning of the filter were carried out according to the instruments used (low-cost GPS) and the 

type of survey made (kinematic survey with low velocity variations). For the tuning, the 

constraint equations were considered with appropriate weights in order to ensure the best 

possible positioning. We tried to establish a good compromise between the stiffness of the 

system and the time required to risk a solution. In other words: if they are assigned to the 

pseudo observation equations, the weights tend towards infinity, and the theoretical and 

calculated differences of the distances would tend to zero, but the solution obtained would not 

be correct (divergent trajectories due to numerical instability). 

In the opposite case, weighing the inter-distances between the antennas very little, the 

solution would be too unstable and the differences between theoretical and measured 

distances would gradually increase. It was therefore necessary to seek a good compromise, 

according to both the instruments and the type of survey. 

It was also included a tool that allows the control and the rejection of outliers through the 

analysis of the a priori residuals. If, at any given time, a number of measures deviates beyond 

a certain value (threshold) from that predicted, these measures will be deleted, as long as the 

number of the equations is greater than the number of unknowns. 

This is due to the practical fact that, for a number of epochs more than 3, if the number of 

equations is less than the number of unknowns, there are some problems in terms of the 

positioning accuracy (in this case for this epoch it is not allowed the positioning). When there 

are differences that exceed the threshold, the idea is to eliminate the equations one at time 

(excluding those related to the inter-distance constraint, if there are any), according to the 

greater a priori residuals. This outlier‘s detection algorithm allows a great network 

positioning improvement for the receivers; as regards the threshold value. It is also function 

of both the type of receivers and survey and also of the constraints used in the positioning 

system. In order to evaluate the reliability of the low-cost GPS positioning, some tests have 

been performed in various different environments, and in the presence of obstacles that 

reduce the GNSS signal power. A brief description of the instruments used appears in the 

previous section. 

The system was tested on a stretch of the Turin road network which presents different 

characteristics; the first part being an urban section with minor obstruction in terms of 

buildings (Figure 7 -section A); the second stretch being a sub-urban nature (Figure 7 -section 

B), and the third segment, which partially coincides with the first one, having representative 

characteristics of urban canyons (Figure 7 -section C). 

The detection system was monitored, in real-time, during the survey operations through 

continuous connection of the equipment to laptop computers and the relief phase was 

subsequently calibrated, using a total station instrument to measure the distances between the 

antennas. All types of processing were performed using broadcast ephemeris to simulate the 

real-time positioning. Three different processing scenarios were considered: 

 

 scenario 1: (called also ‗stand-alone‘) 3 antennas with stand-alone positioning 

without any additional information; 
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 scenario 2: (called also ‗v-est‘-velocity estimation) network kinematic positioning 

considering the velocity estimation (considering a dynamic motion into the transition 

matrix F in the Kalman filter); 

 scenario 3: (called also ‗v&d-est‘–velocity estimation and distance constraint) 

network kinematic processing considering both the velocity estimation and the inter-

distances between antennas (between the Prue left and the Stern antenna and between 

the Prue right and the Stern antenna). 

 

Since there is no commercial software that allows for network kinematic positioning, two 

different types of comparisons were made: 

 

 the inter-distances between two rovers (the inter-distance between the Prue left and 

right antennas) were calculated in terms of difference of coordinates (UTM 

planimetric) between evaluated and theoretical (measured by total station) distances; 

 the solution obtained by the 3rd scenario was also compared with the other obtained 

from commercial software: this data was processed using only the pseudorange 

measurements and a single baseline (TORI-Master) approach to achieve equal 

processing conditions. 

 

 

Figure 7. Stretch of the Turin road network with different characteristics. 

Comparison of Results 
To obtain a quality index, it is possible to consider the average value and the standard 

deviation of the distance between the two prude antennas, on which did not impose the 

constraint of known distance. As it can be seen from Table 3, the results improved 

considerably in the third case. The levels of accuracy are similar to those obtained with a 

single receiver using the pseudorange measurements. However, the path was very full of 

obstacles and the positioning occurred in the 93% of the epochs of measurement, with quite 
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good accuracy. This result for example can be sufficient for purposes such as the toll 

motorway or for the parking position of a vehicle. 

 

Table 3. Results of different type of approaches 

 

Scenario Mean difference [m] RMS [m] 

Stand alone 1.12 1.00 

KF v = const 0.80 0.65 

KF v=const & constrain distances 0.44 0.40 

 

Also, it is necessary to consider the question of how it is possible to improve accuracy. 

One possible solution may be to use the first difference of the carrier-phase measurements in 

respect to time. The benefit of this approach is derived from the fact that for these measures 

do not require the calculation of the ambiguity if there is not a cycle slip. Furthermore, these 

measures are theoretically much more precise than the pseudorange ones. However, not all 

mass-market receivers are also able to provide the carrier-phase measurements on the L1 

frequency and not always this measure is less noisy with respect to the pseudorange. In the 

case of receivers, those used in these experiments will show in the next section in that the 

carrier-phase measurements will be of good quality and will provide excellent results. 

 

 

2.5. QC IN A NRTK POSITIONING USING PSEUDORANGE  

AND CARRIER-PHASE MEASUREMENTS 
 

The experiments using mass-market receivers for NRTK (Network Real Time Kinematic) 

positioning were performed within the Regione Piemonte
3
 CORSs (Continuous Operating 

Reference Stations) network. The area in which the tests were performed is situated near the 

city of Vercelli, which is located roughly at the center of three permanent stations (Figure 8). 

The network product used is the VRS
®
 stream broadcasted by the network software Spidernet 

of the Leica Geosystems
 ®

 Company. The route was deliberately chosen to represent in part 

an open space area (to simulate the agricultural environment), and partially close to a large 

supermarket to simulate infomobility purposes (Figure 9).  

To perform the NRTK positioning the routines RTKLIB V. 2.4.2
4
 were used. For this 

reason it is necessary to explain what they are and which the characteristics of this software 

are. RTKLIB is an Open Source Program Package for GNSS standard and precise positioning 

and is distributed under a GPLv3 license. RTKLIB Consists of a portable program library and 

several application programs (APs) utilizing the GPL library. This software supports standard 

and precise positioning algorithms with GPS, GLONASS and QZSS constellations in 

addition to a SBAS correction. 

Furthermore, it supports various GNSS positioning modalities for both real-time and 

post-processing approach: single-point, DGPS/DGNSS, Kinematic, Static, Moving-baseline, 

Fixed, etc. It supports both several GNSS receivers' proprietary messages, for example uBlox 

(LEA-4T, 5T, 6T) and an external communication via serial port, TCP/IP, NTRIP etc.  

                                                        
3
 http://gnss.regione.piemonte.it/frmIndex.aspx  

4
 http://www.rtklib.com/ 
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The experiments carried out used the RTKNAVI tool. This tool allows for providing as input 

both the raw data (pseudorange and carrier-phase measurements) of the uBlox receiver and 

the stream data coming from a network with NTRIP authentication. For this reason the 

receiver was connected to a laptop where was possible to have the Internet connection. 

 

 

Figure 8. CORSs network of Regione Piemonte. 

The software allows the real-time kinematic positioning (Figure 10) and, by means of the 

Kalman Filter, allows for ambiguity fixing, even if the receiver uses the L1 single frequency . 

Allow the setting of various parameters, in ‗Setting 2‘ panel (Figure 10-right) for example, we 

have setting ‗Fix-and-hold‘ for the ambiguities, and "ratio" equal to 3 for the Lambda
®
 

method (a threshold ratio to fix ambiguities). It is not always possible, in urban areas, to fix 

the ambiguity phase: because of the obstacles and noise it can be computationally convenient 
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to obtain a ‗float‘ ambiguity resolution, which means that the ambiguity phase is not fixed as 

integer. For this reason the experiments performed were also conducted with a ‗ratio‘ value 

equal to 10
9
, so that all the positions calculated by the software were defined as ‗float‘. 

The software also allows for saving a log file, which is available a posteriori, that 

contains a lot of information and, if necessary, the state vector and the varcovariance matrix. 

The positions obtained in real-time were then compared with those obtained in post 

processing by the geodetic receiver, processed in a PPK (Post Processing Kinematic) mode, 

remembering that both receivers were connected to the same antenna.  

 

 

Figure 9. Tests area. 
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Figure 10. RTKNAVI options. 

Furthermore it should be underlined that this was applied a filter at the mass-market 

receiver to make sure that the antenna power was guaranteed by the geodetic receiver. 

Considering the paths performed with the low-cost Garmin
®
 antenna, the geodetic receiver 

acquired only the L1 GPS frequency, because the antenna used was not enabled to tracking 

other frequencies. Despite this, the PPK positioning is totally result of high accuracy and with 

the ambiguity fixed: it was then possible to use it as a comparison between the two 

trajectories. 

Table 4 shows the results of experiments performed on three different paths. The first 

three columns show the results obtained with a geodetic antenna. The paths n° 1 and 2 are 

quite free from obstacles, so that it can be said that can well simulate the conditions present in 

agriculture. Path n ° 3, which can be seen in Figure 9 includes both free and some with 

obstacles even higher parts. In paths 1 and 2, it is possible to arrive at the ambiguity fixing 

around of 70% of the epochs (about 1000 seconds) and only in one case there is the presence 

of a false fix, which can be determined with a QC.  

Considering the planimetric positions, the maximum error in the case of ‗fix‘ positioning 

is always less than 5 cm. The ‘float‘ epochs, with planimetric errors, were smaller than 20 cm 

in 47% of the cases and, considering the second test, have errors of less than 6 cm in all 

epochs. The fourth column shows the results obtained with the low cost antenna. As can be 

seen, they are still very good: 60% of the positions are obtained with the ambiguity fixed, 

although the path presents some obstacles. Only one false fix of the ambiguity phase is 

present in about 1000 measurements. Almost 40% of the ‗float‘ epochs have a planimetric 

error of less than 20 cm and, however, the maximum error is 42 cm. 

It will be shown later that both the false fix and the limitation of errors can be performed 

with a simple control of two quality parameters. Actually the RTKNAVI software allows 

storage of all status parameters: within these parameters an accurate control of the position 

and a screening with several methods is certainly possible. Despite this, it is preferable to use 

two parameters very common for the QC of the positioning: the value of HDOP index and the 

signal to noise ratio (S/N) that are easily obtained from NMEA messages and that are always 

available for each type of mass-market receiver. Since the value of S/N is provided for each 

satellite, it was decided to use an average value of this ratio for each epoch. It is possible to 

observe the trend of these values during the test n° 2, and to note that it is not always true that 
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an increase of HDOP index corresponds to a decrease of the average value of S/N (Figure 

11). The two parameters are quite independent and therefore they can be combined to 

eliminate inaccurate results. 

 

Table 4. Results obtained 

 

 Kinematic  

fix and hold 

Geodetic 

antenna 

VRS®. Ratio=3 

Path n° 1 

Kinematic  

fix and hold 

Geodetic 

antenna 

VRS®. Ratio=3 

Path n° 2 

Kinematic  

Fix and hold 

Geodetic antenna 

VRS® Float (ratio 

∞) 

Path n° 2 

Kinematic 

Fix and hold 

Garmin ® antenna 

VRS® Ratio=3 

Path n° 3 (Figure 13-

b) 

%Fix 67% 73% 0 60% 

%Float 32% 27% 98% 40% 

False fix 1/1000 (1 FF) 0 NA 1/1000 (1 FF) 

Max error with 

Fix 

< 5 cm < 5 cm NA < 5 cm 

Float w.error 

<20 cm 

47% of float. all 54% 39% 

Max error float 1/1000 : 1.3 m < 6 cm < 50 cm 42 cm 

 

 

Figure 11. HDOP index and S/N trend. 

In theory, it must be verified if there is also an abnormal value of these parameters before 

or during the epochs that occurred or a false fix or a "float" positioning very inaccurate. This 

type of analysis has been conducted on all paths: it is possible to affirm that both parameters 

being analyzed are significant but the most important is the value of S/N. Considering some 

threshold values of HDOP and S/N, it is possible to eliminate both false fix and epochs with 

an error greater than a chosen value. The problem is that, if these limits are considered 

throughout the positioning, both with ‗float‘ that ‗fix‘ epochs, it will lose most of epochs to 

ambiguities fixed with high precision.  
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The choices then are: 

 

 to adopt a compromise between accuracy and productivity, in a way that at least 50% 

of the epochs has an error less than a predetermined value; 

 to accept all fixed epochs, carrying out on them another type of control, and using the 

HDOP index and the S/N only on a ‗float‘ epochs. 

 

In both cases it is necessary to establish a tolerance value. The choice made was to use a 

planimetric accuracy limit of about 5 cm for ‗fix‘ and 20 cm for ‗float‘ points. Consider the 

experiment carried out with the low-cost antenna: in this case there aren‘t inaccurate ‗fixed‘ 

points, except the single point which is considered a false fix. To delete all ‗float‘ points with 

errors greater than 20 cm is sufficient to impose HDOP index = 1.3 and S/N ratio = 46.5 as 

threshold. In this way, 23% of the ‗float‘ points are accepted, that represents about 9% of the 

trajectory to be added to 60% of the ‗fix‘ points. 

 

 

Figure 12. Trajectory result: in red the points with a bad quality code, in green the OK points. 

On the other hand if we accept removing only half of the points with a maximum of 20 

cm planimetric error, it is possible to note that the most appropriate values are HDOP index = 

1.3 and minimum S/N = 46.1. Within these parameters, all planimetric errors of the path n ° 3 

are less than 40 cm, and they are also applicable to ‗fix‘ positions. To be precise, 70.6% of the 

points have a planimetric accuracy of more than 5 cm, while 18.4% of the points have an 

error between 5 and 20 cm, and the remaining 11% has a planimetric error between 20 and 40 

cm. The average planimetric error that is obtained is 7 cm. In summary, almost 90% of the 

positions have a planimetric error of smaller than 20 cm. For example, if the goal is to 

decrease the average error from 7 cm to 5 cm is necessary to increase the limit value of S/N a 

little. However, it is wrong to seek only a low error value. It should be necessary to 

understand also where the trajectory points with high errors are distributed. If the goal is to 
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limit the maximum planimetric error of about 5 cm, the defined ‗good quality‖ path is 

represented with green in Figure 12. As can be seen, the distribution is not uniform and does 

not satisfy the requirement of having a positioning, also of lower quality, in areas with 

obstacles. 

 

 

CONCLUSION 
 

Some mass-market receivers are able to provide the pseudorange and/or carrier-phase 

raw data on the GPS L1 frequency and, in the future, also on the Galileo E1 frequency. By 

exploiting these characteristics, it is possible to obtain an average level of precision in 

positioning which is much better than that obtainable today with EGNOS corrections, using 

the corrections which are broadcast by a network of permanent stations for real-time 

applications. Precision and noise of results when these receivers are used depends very much 

also on the antenna used. However, it is possible to find a good compromise and a favorable 

price/performance ratio with the use of low-cost antennas. Using only a C/A signal, it is 

possible to reach sub-metric accuracies. Such accuracy improves by monitoring the quality of 

the data by using a weight matrix, which depends both on the S/N ratio and the local 

redundancy. Another way to control the quality of measurements is to have two or more 

antennas with a known distance. The redundancy in the data allows for filtering the 

measurements with gross errors and, in any case, to restrict them greatly. The positioning 

with the single-difference approach allows for weighing the measurements as a function of 

the observed satellite more easily. 

With regard to the VRS® correction, the correct fixing of the ambiguity phase [10] is 

more than 60% of the trajectory and there were no false fixes. In such cases, the maximum 

planimetric error is less than 5 cm. The mass-market receivers that are able to acquire the 

carrier-phase measurements allows for a certain amount of ambiguity fixing in a kinematic 

survey and the use of L1 frequency. In these experiments conducted, at more than 60% of the 

path, the positioning was possible in terms of fixing ambiguities and with planimetric errors 

of less than 5 cm. Also, in this case it is possible to control the quality of the positioning, by 

suitably selecting the HDOP index and with an average value of the S/N ratio. The false fixes 

are rare events and, in any case, lead to high errors that can be easily removed with a second 

filter, downstream of the positioning, which takes into account a dynamic motion. ‗Float‘ 

positions are typically very accurate. The accuracy can be improved by a QC, as long as it can 

be considered to be a parameter that does not give up too much productivity. 
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