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1. Introduction

The global navigation satellite systems (GNSS) have become 
the primary positioning tools in modern geodesy. The reason 
for this was the dynamic development of infrastructure in all 
three areas: space, control and users. The development of 
ground based augmentation systems (GBAS), also known as 

active geodetic networks, was crucial to precise positioning. 
These networks are based on a network of evenly distributed 
reference stations which enable the identification and reduc-
tion of measurement errors related to, among other, GNSS 
signal propagation by the atmosphere or orbit errors. Surface 
modelling of these errors enables the determination of network 
corrections (i.e. ionospheric and geometric correction terms) 
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Abstract
The method of precise GNSS positioning using corrections from a network of reference 
stations, the so-called Network RTK, is currently the most accurate real time kinematic 
positioning method. The reliability of this method is largely dependent on the accuracy of 
determination of network ionospheric and geometric corrections (taking into account the 
tropospheric refraction and orbit errors). There are many indexes describing the reliability 
of Network RTK positioning in the aspect of the accuracy of modelling these errors. The 
so-called solution quality indicators are used for this purpose. They are parameters determined 
in the central network pre-processing which provide quantitative information regarding the 
predicted reliability of the positioning in an area encompassed by a network of reference 
stations. Unfortunately, their interpretation is hindered due to the lack of connection with 
basic parameters describing precise positioning quality, i.e. the correctness of the carrier 
phase ambiguity resolution and the accuracy of the rover position. This study presents a 
new approach to the design of quality indicators for the Network RTK method, based on a 
quantitative description of two parameters—solution accuracy and availability. The presented 
method is based on the existing parameters describing the probability of the correct fixing of 
ambiguities and the estimation of the fixed baseline solution accuracy. However, a stochastic 
model of observation, taking into account the accuracy of network corrections is used for 
these calculations. The proposed method enables a full account of all parameters affecting the 
reliability of positioning, which is not possible with the currently applied methods. Numerical 
tests of the new indicators carried out for a part of the regional reference stations network 
confirmed the effectiveness of this approach. The proposed indicators provide much more 
clear identification of the time periods for which the reliability of the solution was lower 
compared to the existing quality indexes which indications were unclear and inaccurate.
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which can be included in the positioning model to ensure an 
effective reduction of spatially correlated errors in GNSS 
observations [1]. The method of real-time relative kinematic 
positioning using network corrections for carrier phase obser-
vations is known as network RTK. This is currently, together 
with the precise point positioning with ambiguity resolution 
(PPP-RTK) technique, the most accurate real-time positioning 
method with high reliability and dependability [2–7]. This 
reliability is, however, largely dependent on the efficiency of 
observation errors reduction by network corrections. This is 
most clearly visible during disturbances of the GNSS signal 
propagation medium, when the ionospheric or the troposphere 
disturbances (e.g. weather fronts) can significantly degrade 
the accuracy of spatially correlated error modelling. This 
causes the occurrence of residual errors, not accounted for in 
the positioning model, which prevents the correct ambiguity 
resolution (AR), even at a close distance to reference stations. 
The estimation of the reliability of the Network RTK solution 
is therefore one of the key elements (next to e.g. precise geoid 
model [8]) required for a credible use of this technique in pre-
cise measurement applications for the purposes of navigation, 
surveying, geodynamics or physical geodesy.

The existing method of Network RTK positioning relia-
bility estimation are based on the so-called quality indicators. 
They are parameters which describe the impact of dispersive 
(ionospheric) and non-dispersive (geometric) errors on rover 
positioning. In the Network RTK positioning model, this 
impact is largely reduced by the application of network cor-
rections. This is the reason why these indicators mostly reflect 
the accuracy of the determination of these corrections. The 
corrections are determined in a network solution (in central 
pre-processing of the observations from a network of refer-
ence stations) only based on the observations from refer-
ence stations. They are an important information tool in the 
measurements planning and performance process, enabling 
the indirect estimations of the accuracy and reliability of the 
positioning.

The current indicators can be divided into two groups: (i) 
spatially correlated errors indicators and (ii) residual errors 
indicators. The first group (i) describes the average impact of 
spatially correlated errors without using network corrections. 
These indicators, therefore, directly describe the magnitude of 
errors not eliminated in the differencing of observation (e.g. 
single-baseline RTK method). However, with the indirect 
assumption that the accuracy of dispersive and non- dispersive 
errors modelling depends on their current magnitude (which 
is clear visible for example during strong ionospheric 
 disturbances [9, 10]), these indicators may provide valuable 
information regarding the expected accuracy of the spatial 
modelling of these errors [11]. The ionospheric index I95 and 
semivariance-based index indicators belong to this group. The 
second group (ii) includes the indicators describing residual 
ionospheric and geometric errors which remained after the 
application of network corrections. In the case of the appli-
cation of linear correction models, these indicators describe 
the non-linear part of double-differenced (DD) dispersive and 
non-dispersive errors [12, 13]. Therefore, the errors described 
by these indicators directly affect the accuracy of the rover 

position determined in the Network RTK model. The group is 
composed of the following indicators: residual integrity moni-
toring, residual interpolation uncertainty and geometry-based 
quality indicator.

The existing network solution quality indicators do not 
provide the possibility of practical interpretation of their indi-
cations, understood as the usefulness of quality indexes to 
indicate the epochs or the time periods, for which the expected 
reliability of precise positioning solution is low. These indica-
tors describe solely the ionospheric and geometric observation 
errors—only one of the contributors to the reliability of the 
positioning model solution. Their quantitative interpretation 
is also much more difficult due to the fact that there are no 
precisely defined critical values for these parameters.

The possibility of obtaining the correct integer ambiguity 
resolution depends on: (i) the strength of the GNSS model and 
(ii) the applied integer estimation method. The strength of the 
model depends in particular on [14, 15]: satellite geometry, 
number of observation frequencies, number of epochs, level 
of measurement noise, length of the baseline, availability and 
accuracy of the applied ionospheric and tropospheric correc-
tions. The optimum Network RTK solution quality indicators 
should therefore include all the aforementioned parameters. 
Their quantitative indications should also describe parameters 
which are key from the perspective of the reliability of pre-
cise carrier-phase based GNSS positioning: availability of 
the solution and its accuracy. The availability of the solution 
describes the possibility of obtaining correct carrier-phase 
ambiguity resolution, i.e. a correct integer estimation of this 
parameter and its acceptance in a validation test. Only in the 
case when the estimated ambiguity can be considered valid, 
the estimated rover position, known as fixed baseline solu-
tion, provides the highest accuracy. Otherwise, the ambiguity 
parameter is assumed as being real-valued and the solution of 
the positioning model (float solution) is uncertain. This type 
of solution is considered unacceptable in precise geodesic 
applications and discarded, causing the rover position unavail-
able. The accuracy of the solution describes the accuracy of 
the rover position for the fixed baseline solution and its value 
can be determined based on the estimated position variance or 
standard deviation for the given set of solutions.

This study presents a new method of estimating Network 
RTK positioning reliability with the use of two quality indi-
cators: solution accuracy and solution availability. The pro-
posed indicators were determined for the test field composed 
of a part of the regional reference stations network and com-
pared with the results of the instantaneous Network RTK posi-
tioning model solution. The indications of the new indexes 
were also compared to the existing parameters currently used 
to estimate the reliability of network positioning.

2. Current network solution quality indicators

Ionospheric Index I95 proposed by Wanninger [16] describes 
the linear part of the double-differenced ionospheric delay. 
It is determined based on the inclination of the plane 
approximating the spatial distribution of double-differenced 
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dispersive errors for the L1 frequency. The resulting gradients 
of approximation planes are calculated independently for all 
pairs of satellites in every epoch and then, the value repre-
sentative for the given period (usually 1 h) is determined as 
the 95th percentile. The I95 index is a dimensionless quantity 
expressed in conventional ppm units (parts-per-million, 106). 
It is assumed that for regions with medium latitudes, is should 
not exceed 4–5 ppm for calm ionosphere with a large total 
electron content (TEC) [13, 16, 17]. The I95 index is typically 
determined for ionospheric errors, but a similar G95 index can 
also be calculated for geometric errors based on the double 
difference of non-dispersive errors.

Semivariance-based index (SBI), proposed by Kjorsvik 
[11], similar to I95, also describes the double difference of 
spatially correlated errors. However, unlike that index, it is 
not based on the value of the gradient for a linear model, 
but on a linear approximation of the semi-variance function 
determined for the double-differenced dispersive and non-
dispersive errors. The double differences of these errors are 
determined for all independent combinations of baselines 
for the network of reference stations. Based on that, a mean 
empirical semi-variance function γ for all observations is gen-
erated and approximated by the analytical function:

( )γ = +d a b d ,2 2 2 (1)

where the parameter a describes the constant value of the 
errors (in distance units) and b describes the errors corre-
lated with the length of the baseline (d). These parameters are 
determined independently for every epoch (for networks with 
the number of stations more than 3—with the least squares 
method) or assumed a priori value of a based on long-term 
historical analyses for a given network [11]. The SBI value 
is described by the b parameter (scaled to the conventional 
ppm unit) independently for every epoch or as a representative 
value for a given time period (e.g. 1 h) and confidence level 
(CL) (e.g. 95%). The SBI provides results which are very sim-
ilar the I95 (G95). However, in order to reliably determine the 
semi-variance function, the analysed networks should con-
tain at least 10 reference stations [18], which makes the SBI 
a viable option for networks with at least regional coverage.

The residual integrity monitoring (RIM) quality index 
describes residual dispersive and non-dispersive errors of 
double-differenced observations between the master refer-
ence station and rover found after applying the network cor-
rection terms to the functional positioning model. This index, 
therefore, describes the accuracy of the network solution and 
directly pertains to positioning for the Network RTK model 
[12, 13]. RIM value is calculated based on the residues of 
double-differenced ionospheric and geometric errors between 
the interpolated values (correction terms) and the measured 
values at the additional monitoring reference station. This sta-
tion, located within the network, is not used as part of the 
network solution. Its sole purpose is the determination of dis-
persive and non-dispersive errors used for comparison with 
correction terms. Based on the resulting residues, the quality 
indicator is calculated at every epoch as a weighted root mean 
square error (WRMS) for all observations and cumulated to 
an hour-based solution for the assumed level of confidence 

(95%) [12] or is determined as a representative value (as the 
95th percentile) for all observations in the period—usually 1 h 
(the indicator calculated in this method for the dispersive part 
and L1 frequency is also described as I95L [13]). The RIM 
index is derived independently for the dispersive (IRIM) and 
non-dispersive (GRIM) parts. For the assumed linear interpo-
lation model, this indicator can be interpreted as a parameter 
describing the non-linearity of the current distribution of the 
double-differenced errors. A network of at least 4 reference 
stations is required to determine RIM. The downside of this 
solution is excluding the monitoring station observations from 
the network solution which causes the increase of average dis-
tances between stations and negatively affects the accuracy of 
correction determination. It should also be noted that RIM is 
directly dependent on the location of the monitoring station 
within the network. With the assumption that the accuracy of 
correction determination depends on the distance to the closest 
reference station, the monitoring station should be located at 
the largest possible distances to the nearest reference station.

The residual interpolation uncertainty (RIU) is an index 
based on the standard deviation (STD) of correction terms for 
a given position of the rover. This index was proposed by Chen 
et  al [12] as a parameter describing the double-differenced 
errors linearity over the interpolation region for the weighted 
linear interpolation (WLIM) model. It is based on the esti-
mation of the variance of correction term determined for the 
assumed position of the rover for the each observation. The 
value of the index is calculated as a weighted mean standard 
deviations of all satellites. A modification of this indicator pro-
posed by Prochniewicz and Walo [19] is the replacement of the 
weighted mean standard deviations with the mean RMS deter-
mined based on the variance of individual observations mapped 
to zenith direction (zenith residual interpolation uncertainty, 
ZRIU). The RIU is determined independently for the disper-
sive (IRIU) and non-dispersive (GRIU) biases for the network 
containing at least 4 reference stations. A key advantage of this 
index is the possibility of determination of its individual value 
for the given position of the rover. It enables the presentation 
of the network solution quality in the form of a map for the 
specific epoch or an average value for the assumed time period.

The estimation of the variance of correction terms is also 
the basis for the determination of the network solution quality 
parameters, known as Irregularity Parameters [17]. These 
parameters are described with two values: IR parameter deter-
mined as the maximum value from all standard deviation of 
the correction terms in a given epoch and the IP parameter 
which is calculated as the standard deviation of a second order 
interpolation model for all satellites. The IP parameter there-
fore characterizes the third or higher order errors which are 
not take into account by the interpolation model and directly 
affect position determination in the Network RTK technique. 
The IR and IP parameters are presented as absolute error 
values or in the relative form by scaling the standard deviation 
for the average distance between the reference stations.

Unlike the RIM and RIU indices, which are based on the 
stochastic description of the unmodelled part of the spatially 
correlated errors, the geometry-based quality indicator (GBI) 
is characterized by the non-linearity of the errors distribution 
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based on the parameters of deterministic approximation 
model [20]. This index based on the difference in the incli-
nation angles of planes representing the linear approximation 
model for the sub-networks containing three reference sta-
tions. The sub-networks are created in such a way that the cen-
tral sub-network includes an approximate position of the rover 
and adjacent to three auxiliary sub-networks. The parameter 
describing the inclination of the central sub-network in rela-
tion to the auxiliary sub-network is determined as a cosine of 
the inclination angle between the planes approximating errors 
distribution for these sub-networks. The GBI is determined as 
a weighted mean of the inclinations for the three adjacent sub-
networks with the weight inversely proportional to the dis-
tance of the approximate rover position to the border between 
the central sub-network and auxiliary sub-networks. The GBI 
index is a dimensionless quantity which makes its practical 
interpretation much more difficult. In order to calibrate it to 
the error units, the empirical scale coefficient needs to be 
determined, based on test results. The downside of GBI is also 
the lack of correlation between its value and the distance from 
reference stations. The GBI is determined independently for 
dispersive and non-dispersive errors. The optimal locations 
of reference stations should enable the separation of a central 
sub-network with the rover and three auxiliary networks, the 
minimum number of stations should above 5.

Different approaches to the design of quality indicators for 
the network solution described above enable, in result, the esti-
mation of the level of residual errors which encumber observa-
tions after applying the correction terms. However, from the 
point of view of practical applications of their indication in 
the observation planning process and the interpretation of posi-
tioning results, the values of these indexes should be related 
to the availability of the solution (possibility of correct meas-
urement initialization) and the expected positioning accuracy. 
This type of functional relationship is not precisely defined for 
the existing indices, resulting in limiting the possibilities of the 
application of their values. The interpretation of quality indica-
tors provides only approximate results, especially in the aspect 
of measurement initialization possibilities. This is caused 
mostly by the fact that the existing indices do not reflect several 
parameters, crucial to the correct determination of ambiguity, 
such as: the number of satellites and constellation geometry as 
well as the number of measurement epochs.

By applying only the residual errors of the double- 
differenced observations to the solution availability analysis, 
we can assume that their values should not exceed  ±0.05–
0.10 m for single-epoch solutions in regional networks [9, 21]. 
Studies [22, 23] use the error value of  ±0.08 m as the limit 
threshold. These errors are applicable to a single observation 
and are directly described by the IR index which presents 
the maximum estimated error value selected from all obser-
vations. The remaining indicators are determined as average 
values for all observations (RMS) for the specific period and 
it can be assumed that they should not exceed  ±0.035 m for 
errors determined in slant directions towards to satellite (RIM 
and RIU indices) or  ±0.015 m for values mapped to the zenith 
(ZRIU index) [24]. These values correspond with I95 indica-
tions at the level of 4 ppm.

The assumed error limit values in the measurement initiali-
sation aspect pertain to the resultant values for the dispersive 
and non-dispersive parts. Table 1 contains a synthetic summary 
of the described existing network solution quality indicators 
together with the limit values. These values can be interpreted 
as critical values—when they are exceeded, the correct ambi-
guity resolution for the baseline between the reference station 
and the rover is impossible or severely hindered and the meas-
urement initialisation time (time-to-fix) significantly extended.

3. New quality indicators for Network RTK 
performance

The application of the variance-covariance (vc) matrix of 
observables (Cl) and the design matrices for position (A) and 
ambiguity (B) unknowns as the basis for creating parameters 
describing solution quality provides an opportunity to take into 
account all the parameters affecting the GNSS model strength. 
It is, however, necessary to take into account also the residual 
ionospheric and geometric errors found after applying correc-
tion terms, which are not included in the functional positioning 
model. These errors can be included in the stochastic model (in 
the vc-matrix) of observation. One example of this approach is 
the network-based stochastic model (NBSM) [25, 26] in which 
the vc-matrix of observable including the measurement noise 
of observations and their correlations due to observation differ-
entiation (in the form of matrix εC ) is extended with additional 
elements describing the variance and covariance of correction 
terms. The other approaches to create a network stochastic 
model are describe in, e.g. [27–31]. The following equa-
tion provides a schematic representation of the NBSM model:

{ } = + δεl C CD , (2)

where l is the vector of DD observations and δC  is the matrix 
of correction variance estimates; { }⋅D  denotes the dispersion 
operator.

The incorporation of the correction terms variances esti-
mated in the network solution individually for the given posi-
tion of the rover and for the given epoch to the NBSM model 
enables the capturing of the instantaneous model strength. By 

Table 1. Quality indicators of the network solution.

Name Description
Critical 
value References

I95 Linear part,  
95th percentile

4 ppm [16]

SBI Linear part,  
95th percentile

4 ppm [11]

RIM/I95L Non-linear part, 
WRMS (95% CL)

0.035 m [12, 13]

RIU Non-linear part, STD 0.035 m [12]
ZRIU Non-linear part,  

zenith STD
0.015 m [19]

IR Non-linear part, 
maximum STD

0.015 m [17]

IP Third order part, STD 0.035 m [17]
GBI Non-linear part,  

cosine of inclination
— [20]
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the application of the NBSM model, we can therefore use the 
parameter describing the reliability of correct ambiguity res-
olution—the ambiguity resolution success rate (ASR)—as an 
important quality parameter describing the availability of the 
Network RTK solution. This parameter can be complemented 
by a parameter describing the accuracy of the rover position 
determined as a variance of the fixed baseline solution. These 
parameters provide quantitative information directly related 
to the each aspects of positioning reliability and enable a clear 
interpretation of the indications. Additionally, the ASR index 
is determined for the given integer estimation method which 
enables a full inclusion of all factors affecting the possibility 
of correct ambiguity resolution.

The ASR as defined by [32] describes the probability of 
correct fixing of ambiguities (PS). This probability is defined 
as the integral of the probability density function (pdf) of the 
float solution over the pull-in region (VN) [33], in accordance 
with the following equation:

Z( ˇ ) ( ˆ ) ( )ˆ∫= = = ∈ = ∈P P P V f XN N N X Nd ,S N
V

N
n

N

 (3)
where N denotes the n-vector of ambiguities, Ň is the esti-
mated integer ambiguity vector and N̂ is the real-valued float 

ambiguity vector with the pdf of float solution denoted as ˆf N 
and the vc-matrix ˆCN. For the estimation using the integer 
least squares (ILS) method the pull-in region VN (called also 
Voronoi cell) is defined by the following area [34]:

R Z{ ∥ ∥ ⩽ ∥ ∥ }ˆ ˆ= ∈ | − − ∀ ∈V X X N X U U,N
n n

C C
2 2

N N
 (4)

with ∥ ∥ ( ) ( )⋅ = ⋅ ⋅−CT
C
2 1 .

The algorithm for determining the solution availability and 
accuracy indicators can be presented in the following steps:

 (i) Determination of the vc-matrix of observables (Cl) for the 
NBSM for the master reference station-rover baseline. 
This matrix is created based on the vc-matrix describing 
the measurement noise (and possible cross-correlation) 
(C0) of the undifferenced observations and δC I and 
δC G diagonal matrices which contain the variance of 

ionospheric and geometric correction terms for double-
differenced observations. The variances are determined 
in the correction terms estimation process, e.g. by using 
the ordinary kriging method (OKR) [35]. They are 
determined independently for each DD ionospheric cor-
rections for L1 and geometric corrections. The Cl matrix 
for the NBSM model for multi-frequency observations is 
determined according to the formulas:

Figure 1. Map of the reference stations test network: (a) location of the test area; (b) the reference stations test network: �—reference 
station, •—master reference station, �—user’s receiver.

Figure 2. Total impact of DD L1 ionospheric and geometric errors for the test baseline MYSZ-LOMZ: actual resultant values (black) and 
residual values after applying network corrections terms (gray).
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= + δ δ δ∆ ∆C D C D D C D2 ,l
T

y
T

0 (5)

( )=δ δ δC C Cblockdiag ,y I G (6)

  where ∆D  and δD  are the matrices which model the single-
differencing of observations [36] and inter-frequency 
relationship of correction terms respectively.

 (ii) Based on the Cl vc-matrix as well as the A and B design 
matrices, the float solution accuracy characteristics for 

position estimates (x̂) and ambiguities (N̂) are determined 
with the use of the standard least squares method (not 
including the integer nature of the ambiguity parameter), 
in accordance with the following equation:

= =
− −

− −

−⎧
⎨
⎪

⎩⎪
⎡
⎣⎢

⎤
⎦⎥

⎫
⎬
⎪

⎭⎪

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

⎡

⎣
⎢

⎤

⎦
⎥x

N

A C A A C B

B C A B C B

C C
C C

D .
T

l
T

l

T
l

T
l

x xN

Nx N

1 1

1 1

1
ˆ
ˆ

ˆ ˆ ˆ

ˆ ˆ ˆ
 (7)

 (iii) Determination of the probability of correct ambiguity 
resolution PS based on the ˆCN matrix. For the estimation 

Figure 3. The results of positioning model solution for the test baseline MYSZ-LOMZ: rover’s positioning errors (bars) and results of 
ambiguity resolution (number of incorrect solutions).
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Figure 4. I95 ionospheric index for test network: (a) North (black) and East (gray) ionospheric gradients; (b) hourly I95 indices.
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of ambiguity using ILS method, the probability can be 
determined as an approximation of its lower bound (with 
respect to ILS ASR) using the bootstrapping method [37, 
38] in the form of:

⩾
ˆ

⎡

⎣
⎢
⎢

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

⎤

⎦
⎥
⎥∏ σ

Φ −
= |

P 2
1

2
1S

i

n

z1 i I

 (8)

  with ( )Φ ⋅  denoting the cumulative normal distribution and 
ˆσ |zi I the square roots of diagonal elements of matrix D from 

the LDLT decomposition of vc-matrix of decorrelated 
float ambiguities ˆCN [34]. The use of the approximation 
of PS based on the lower probability limit allows the esti-
mation of the minimum ASR value that can be achieved. 
This approach increases the possibility of the false alarm 
but also minimizes the occurrence of missed detection of 
the wrong ambiguity fixing.

 (iv) The estimated positioning accuracy for the fixed baseline 
solution (x̌) can be determined as the variance of the 
conditional estimator (assuming the correct ambiguity 
determination) by equation:

{ˇ} ˇ ˆ ˆ ˆ ˆ ˆ ˆ= = − −x C C C C CD .x x xN N Nx
1 (9)

 (v) The solution availability and accuracy indicators are 
determined as values representative for a one-hour period 
in the form of the 95th percentile, based on the PS param-

eters (8) and the resultant position estimation error on 
fixed solution, calculated from the formula:

ˇ ( )ˇσ = Ctr .xpos (10)

  What is important, the estimation of this parameter 
assumes that the ambiguity was estimated correctly. 
Therefore, the correct application of the position variance 
estimation as the index of solution accuracy is possible 
only by the interpretation of the indications together with 
the solution availability index.

4. Experiment design and test results

In order to test the proposed quality indexes, solution avail-
ability and accuracy, their indications for the test baseline in 
a local reference stations network is presented. The values of 
their indications were also compared to the quality indices 
typically used in the existing network applications—I95, RIM 
and RIU.

The test network consisted of the northern part of the ASG-
EUPOS geodetic network [39], with 13 reference stations and 
one testing station (LOMZ) used as the user’s receiver (rover) 
(figure 1). The average distance between stations was approx. 
70 km and the test baseline between the user’s receiver and 
the nearest reference station (MYSZ-LOMZ) was 54.5 km. 
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Figure 5. RIM indexes for test network: (a) hourly IRIM (95%) indices; (b) hourly GRIM (95%) indices.
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Dual-frequency phase and code GPS observations were used 
in the tests for a daily session with 15 s intervals, and a eleva-
tion cut-of angle of �10 . Strong ionospheric disturbances were 
observed during the tested period (July 15, 2012) with a max-
imum Kp index [40] of 7o (∑ = −47 ).

The ionosphere-fixed troposphere-fixed geometry-based 
double-differenced model, which is an optimal model for 
single-constellation single-epoch Network RTK solution, was 
used as a positioning model to rover performance. Ionospheric 
and geometric corrections were determined independently 
in the network mode, based on the OKR method with the 

Gauss variogram model. Geometric corrections were deter-
mined after subtracting the a priori tropospheric delay from 
the Saastamoinens model [41] (dry and wet comp onents 
with standard atmosphere parameters) and the Niell map-
ping functions [42]. The stochastic model of observations 
was assumed a priori as dependent on satellite elevation 
(ε), with the parameters: /σ ε= +0.002 0.0015 sinL1  (m) and 

( / )σ σ= f fL L1 22 1 for the undifferentiated carrier-phase L1 and L2 
observations and σ σ= 100P Li i for code observations. Cross-
correlation between the observations for a given type of var-
ious frequencies for the same satellite was assumed a priori 

Figure 6. RIU indexes for test network: (a) hourly IRIU (95%) indices; (b) hourly GRIU (95%) indices.

Figure 7. Standard deviations of the network corrections for test 
baseline MYSZ-LOMZ.

Figure 8. A posteriori estimate of variance factor for fixed solution 
for the test baseline MYSZ-LOMZ.
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as ( / ) (   )= ⋅f fcov 0.003 mL L 1 2
2

1 2  and (   )=cov 0.35 mP P
2

1 2  [43]. 
Baseline solution was provided in the instantaneous posi-
tioning mode, in which each ambiguity resolution and posi-
tion estimation are independent and based only on a single 
observation epoch (5760 solutions were obtained for the test 
baseline). The ambiguity was resolved with the use of the 
ILS estimation applying the MLAMBDA method [44], which 
provides full ambiguity resolution results. The correctness of 
ambiguity resolution was verified in comparison with the true 
values computed on the basis of the known coordinates of the 
reference and rover stations.

Figure 2 presents the resultant value of the double-differ-
enced ionospheric and geometric errors for the test baseline 
for L1 observation and the residual values of these errors found 
after applying network corrections from the OKR model. The 
residual errors for the L1 observations in the given period for 
most epochs (99.5%) did not exceed of the  ±8 cm, although 
increased values can be observed in the morning (7–11 UTC) 
and evening (16–18 UTC), when they reached the maximum 
value of 12 cm. The results of the positioning model solution 
are presented in figure 3. The bar graph represents the values 
of the resultant positioning error for one-hour periods calcu-
lated on the basis of a comparison of the estimated rover posi-
tion with its known (true) position. The presented errors were 
only determined for the solutions for which the ambiguity was 
correctly resolved and are presented in the form of the 95th 
percentile. The chart also presents the number of solutions in 
the specific period for which the ambiguity was incorrectly 

resolved. Maximum errors for one-hour periods reached the 
value of approx. 8 cm (8–9 UTC, 16–18 UTC), most incorrect 
ambiguity resolutions were made at 16–18 UTC (50% of a 
total of 92 incorrect resolutions).

For the usefulness analysis of the quality indicators of 
the Network RTK solution in the planning and solution reli-
ability estimation processes, three commonly used indices 
(I95, RIM/95L, RIU) were determined for the test period and 
two new indicators: solution availability and accuracy were 
proposed. The determined indicators were presented as repre-
sentative values for the one-hour periods at confidence level of 
95%. Eight-hour periods (7–9 UTC, 10–12 UTC, 13–15 UTC 
and 16–18 UTC) for which both the position error and the 
number of incorrect ambiguity estimations were the highest 
are marked in the all indicator charts in solid black. These 
periods should be identified by the indications as time periods 
for which the Network RTK positioning reliability was the 
lowest. The indicators which are correctly represented in the 
marked periods can, therefore, be assumed to be useful and 
reliable.

Figure 4 presents the indications of the I95 ionospheric 
index determined for the entire test network with the use of 
the linear model for ionospheric biases interpolation. The 
chart (a) presents the gradients of inclination of the approx-
imation planes towards the North and East for all satellites and 
the chart (b) presents the resultant index value for one-hour 
periods. If the alarm threshold is assumed at 4 ppm, the index 
only shows the possibility of lower Network RTK solution 
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Figure 9. Ambiguity resolution success rate for test baseline MYSZ-LOMZ: (a) lower bound of the probability of the correct ambiguity 
resolution, �—marks the solutions with incorrect ambiguity resolution; (b) hourly solution availability (95%) indices.
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reliability for the 13–14 UTC period. For the 16–18 period, 
when positioning was most difficult, the indications do not 
show any problems. Alarm limits are, however, exceeded for 
18–21 UTC period. Only one incorrect ambiguity resolution 
and positioning errors of about 5 cm were obtained for this 
period.

Figure 5 presents the RIM index values: IRIM for iono-
spheric errors (a) and GRIM for geometric errors (b). The 
LOMZ test station was used as the monitoring station and the 
resultant values of the total effect of residual ionospheric and 
geometric errors, forming a basis for the determination of RIM 
indicators are presented in figure 2 (gray). Assuming 3.5 cm 
index value as the alarm level, the IRIM index showed the pos-
sibility of lower reliability of Network RTK positioning only 
for one hour (10–11 UTC). In the remaining periods, none of 
the indications exceeded the limit value. For the GRIM index, 
also one period (20–21 UTC) exceeded the critical value, 
however in this case, the indicator incorrectly signalled the 
possibility of lower positioning reliability. The analysis of the 
RIM indications do not show a correlation of these indica-
tions with the resulting positioning errors. Changing the alarm 
levels did not improve the efficiency of the indications.

The RIU index was determined independently for the 
ionospheric part (IRIU, figure  6(a)) and the geometric part 
(GRIU, figure  6(b)), based on the estimation of correction 
term errors determined using the OKR method. The variance 

of ionospheric and geometric corrections was determined for 
the approximate user’s station position and the actual standard 
deviation values for these corrections for all observations are 
presented in figure 7. These variances were also applied for 
the NBSM model—a basis for the new quality indicators. 
With the assumption of the level value at 3.5 cm, the IRIU 
index correctly showed three one-hour periods (8–9 UTC, 
10–11 UTC and 13–14 UTC) for which the positioning was 
inhibited. 5 other periods were not shown and one period (19–
20 UTC) was shown incorrectly. For the geometric part, most 
of the indications were very close to the alarm value, only 
slightly below. Only one period was correctly shown (8–9 
UTC). Based on that, we can state that the usefulness of this 
index for the test data was very low and its interpretation was 
difficult.

The use of the NBSM stochastic model of observations for 
the test baseline, contains assumed a priori parameters listed 
at the beginning of this section and the variance of network 
corrections obtained from OKR model, enabled the determi-
nation of two new quality indices: solution availability index 
in the form of the ASR indicator and accuracy index in the 
form of the estimated fixed solution error. It should be noted 
that both of this parameters are model-driven parameters pri-
marily based on assumed stochastic model and are critically 
dependent on its proper definition. On the other hand a pos-
teriori validation of assumed stochastic model parameters 

Figure 10. Positioning accuracy of the fixed solution for the test baseline MYSZ-LOMZ: (a) instantaneous values of the position error, 
black—estimated errors ( σ1 ), gray—actual errors; (b) hourly solution accuracy (95%) indices.
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requires actual measurements from the rover which are in 
general not available in the central network pre-processing, 
which provides quality indexes. Thus the proper definition of 
measured data stochastic model is a key issue. In this study 
assumed stochastic model of observations were validated 
using actual measurements from the test baseline. Figure  8 
presents the a posteriori estimate of the variance factor (σ̌0) 
for the test baseline for fixed solution, which for most epochs 
(94.7%) did not exceed unity, with a mean of 0.72. It shows 
that the assumed stochastic model generally corresponds to 
actual stochastic properties of the measurement data with a 
small overestimations of errors, which may lead to too strict 
estimation of the quality indicators.

Figure 9 presents the probability of the correct ambiguity 
resolution (approximation of its lower bound with respect 
to the ILS ASR calculated based on the (8) for the instanta-
neous solution for the test baseline (a) and the hourly ASR 
indicator calculated on this basis with the confidence level of 
95% (b). The analysis of the ASR clearly shows the period 
for which the correct ambiguity resolution proved to be diffi-
cult and ineffective in practice. The lowest ASR (below 50%) 
was obtained for 17–18 UTC period when only 5 satellites 

were observed; improvement satellite geometry at about 18 
UTC caused a sudden increase the ASR value to about 95%. 
For the analysed test field, the adoption of the alarm value 
at 90% already provides the opportunity to correctly identify 
the periods in which the solution availability is significantly 
reduced. Figure 10 presents the estimated fixed solution posi-
tioning accuracy with the assumption of correct ambiguity 
resolution. The chart (a) shows the estimated value of the posi-
tion error for a each epoch (confidence level σ1 , black) and the 
actual (real) values of the positioning errors, calculated based 
on the comparison of the determined position with the known 
reference values (gray). The chart (b) shows the value of the 
accuracy index determined as an average value from the esti-
mated errors for one-hour periods with the confidence level of 
95%. The analysis of this index for the test baseline shows that 
the assumption of the alarm limit at 5–6 cm enables an effec-
tive identification of the periods for which positioning reli-
ability was reduced. Only one of the eight one-hour periods 
was not identified correctly. It can also be noted that the rela-
tive values of the estimated errors and their change tendencies 
are very close to the obtained accuracies (figure 3), however 
their values are slightly overestimated.

Figure 11. Maps of the ASR estimation for the test network.
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Functional correlation of the estimated correction term 
errors in the OKR method for the given epoch with the distance 
to reference stations enables the determination of the spatial 
distribution of the ASR index and position error for the specific 
epoch. Figure 11 presents the maps of the ASR index for the 
test field in the four epochs in which the ambiguity estimation 
was incorrect. These epochs, named #1, #2, #3 and #4, are 
also marked with appropriate labels and solid black symbols 
in figure 8(a). When comparing the presented maps for given 
epochs, it can be seen that in the case of #2, at the distance of 
approx. 15 km from the reference station, the probability of 
correct ambiguity resolution is high (>95%), which is different 
compared to the other presented epochs, for which the ASR 
index is very low in the entire area. The different probability 
distribution for the presented examples is an effect of different 
measurements conditions occurring in the given epoch (obser-
vation error values, satellite geometry) and also of the different 
estimation of the spatial distribution of ionospheric and geo-
metric correction errors in the OKR method. The availability 
indicator maps are complemented with the solution accuracy 
maps presented for the same epochs in figure 12. The analysis 
of the spatial distribution of the estimated positioning errors 

shows a clear correlation of the error values and distance to 
the closes reference station. However, the changes in the errors 
for the area covered by references station are not as significant 
as in the case of the ASR index. The minimum values of the 
estimated errors reach the value of  ±2 cm which corresponds 
with the level of errors not correlated with baseline geometry 
for double-differenced carrier-phase observations and the prac-
tical Network RTK positioning accuracy. The lower sensitivity 
of the changes in positioning errors as the distance from the 
reference station grows, compared to the ASR index, is a result 
of the different nature of these two indicators, warranting a 
different interpretation. The ASR index is very sensitive to 
single observation errors resulting in a high risk of incorrect 
ambiguity resolution for a specific observation in the event that 
this observation has a larger error than the rest of the others. 
The consequence is an incorrect determination of the entire 
ambiguity sets. The PS probability determinations are therefore 
largely dependent on the weakest element in the entire collec-
tion of observations, i.e. the observation with the largest error 
value (note that this effect can be diminished by using partial 
ambiguity resolution methods [45], which in principle could 
be applicable to the proposed approach). In the case of position 

Figure 12. Maps of the rover’s position error estimation for the test network.
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variance estimation, a correctly defined stochastic observation 
model makes it possible to capture the difference in the acc-
uracy of individual measurement data and the estimated error 
itself is a resultant value of all observation errors weighted in 
the variance-covariance matrix.

5. Summary and conclusions

The paper presents a new approach to the estimation of 
Network RTK positioning reliability using network solution 
quality indicators. The presented method utilizes the existing 
parameters describing the reliability of the ambiguity resolu-
tion for the carrier-phase observations and the fixed solution 
error estimation. These parameters depend solely on the vari-
ance-covariance observation matrix and the design matrices 
and they do not require current observations from the user’s 
receiver which predestines them for use as external parameters 
describing the possible reliability of the Network RTK solu-
tion and greatly facilitates their application. The basis for the 
creation of these parameters is the NBSM stochastic observa-
tion model which takes into account the residual ionospheric 
and geometric errors. The application of the OKR method for 
residual errors estimation in this model provides the opportu-
nity to estimate the quality of the solution at specific point of 
the entire area covered by the network of reference stations. 
The comparison of the indications of availability and accuracy 
indices with the commonly applied indices (I95, RIM, RIU) 
for instantaneous Network RTK positioning shows that the 
proposed indices are much more effective and their interpre-
tation enables a much easier identification of the periods for 
which the reliability of performance may be reduced. A large 
advantage of these parameters is also the fact that they do 
not only depend on the residual errors, as is the case with the 
existing indexes, but also on the number of satellites, applied 
method of ambiguity estimation and the observation measure-
ment noise. This enables taking into account all the param-
eters affecting the quality of the positioning model solution.
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