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Abstract – Medium-scale traveling ionospheric disturbances (MSTIDs) are ﬂuctuations in the plasma den-

sity that propagate through the upper layer of the atmosphere at velocities of approximately 100 m/s and
periods reaching some tens of minutes. Due to their wavelengths, MSTIDs can degrade the performance of
differential positioning techniques, such as real-time kinematics (RTK) or network-RTK (NRTK). This
paper deﬁnes a novel methodology as a tool for relating the errors in NRTK positioning based on an
MSTIDs indicator using the second difference in time of the slant total electron content (STEC). The proposed methodology performs integer ambiguity resolution (IAR) on the undifferenced measurements
instead of using double-differenced carrier-phase measurements, as it is usual in RTK and NRTK. Statistical tests are applied to evaluate the degradation in the position errors caused by the impacts of MSTIDs on
RTK and NRTK positioning over a data set spanning one year gathered from the CATNET network; a
dual-frequency network of ﬁxed permanent GNSS receivers located at the mid-latitudes of northeastern
Spain. With the development of the proposed methodology for measuring the position degradation, another
results of the present research are the establishment of thresholds for the proposed MSTIDs index, which
can be used to monitor the positioning solution and to warn users when the measurements are affected by
MSTIDs events, relating the position error to MSTIDs that affect not only the user receivers but also of the
reference receivers within the network.
Keywords: medium-scale TIDs / ionospheric disturbances / NRTK / integer ambiguity resolution

1 Introduction
Traveling ionospheric disturbances (TIDs) are plasma density ﬂuctuations that propagate through the ionosphere with a
broad range of velocities and frequencies. Depending on the
TID characteristics, some authors (Jacobson et al., 1995) distinguish between large-scale TIDs (LSTIDs) with periods greater
than 1 hour and moving faster than 0.3 km/s, and medium-scale
TIDs (MSTIDs) with shorter periods (less than 1 h) and slower
velocities (less than 0.3 km/s). Although the sources of MSTIDs
are not unique, MSTIDs are linked to meteorological phenomena such as neutral winds, eclipses and the solar terminator
(ST), which produces atmospheric gravity waves (AGW) and
manifests them as TIDs at ionospheric heights (HernándezPajares et al., 2006).
The ionosphere represents one of the major signal error
sources in positioning using Global Navigation Satellite
Systems (GNSS). Without any modelling, the contributions of
*
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ionospheric errors to GNSS observables can reach up to tens
of metres (Sanz et al., 2013). GNSS double-frequency receivers
can eliminate up to 99.9% of the ionospheric refraction effect
by
 implementing
the ionosphere-free
 (IF) combination
 of code
f12 P 1 f22 P 2
f12 L1 f22 L2
or carrier-phase LIF ¼ f 2 f 2
measureP IF ¼ f 2 f 2
1

2

1

2

ments at frequencies f1 and f2. In contrast, single-frequency
receivers must apply ionospheric models to account for the
ionospheric refraction (Rovira-Garcia et al., 2019). The effects
of the frequency-dependent terms (including the ionospheric
refraction) can be estimated using the geometry-free (GF) combination of code (PGF = P2  P1) or carrier-phase measurements
(LGF = L1  L2), which cancels out the geometric part of the
measurements.
In the presence of MSTIDs, the total electron content (TEC)
in the ionosphere increases by some TEC units (TECU), where
1 TECU represents an ionospheric delay of approximately
16 cm in the L1/E1 GNSS frequency (1575.42 MHz), which
is less than the expected accuracy of the corrections provided
by ionospheric models (Rovira-Garcia et al., 2016); this error
has a minor impact on GNSS standard positioning services
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based on code measurements. By contrast, high-accuracy positioning services (HAS) based on carrier-phase measurements,
such as the precise point positioning (PPP), real-time kinematics
(RTK), or network RTK (NRTK), require a precise modelling
of the ionospheric effects. Indeed, ﬂuctuations reaching several
tenths of TECUs in the ionospheric corrections can affect the
positioning accuracy of HAS when a precise ionospheric
modelling is needed (Hernández-Pajares et al., 2000).
In the particular case of both RTK and NRTK, dualfrequency receivers can implement the LIF combination to
account for ionospheric refraction at the cost of enlarging the
noise by a factor of three compared with the noise contributed
by each individual signal. This is because the difference of
squared frequencies dividing the measurements in the LIF and
PIF deﬁnition (Sanz et al., 2013). For single-frequency receivers,
the ionospheric delay of GNSS signals is corrected assuming
that it is identical to the ionospheric delay experienced by the
closest reference receiver (RTK) or to a linear combination of
the ionospheric effects experienced by the network of reference
receivers (NRTK). MSTIDs can degrade the ionospheric
mitigation of single-frequency users because the baselines of
RTK and NRTK are tens of kilometres, which are distances
comparable to the typical wavelengths of MSTIDs (Alves
et al., 2001; Lachapelle & Alves, 2002).
The present paper presents a new methodology for characterizing the impact of MSTIDs on NRTK positioning, and proposes an index as a tool to alert users about the MSTIDs effect
on the GNSS user positioning. The manuscript is organized as
follows: Section 1 is the current introduction. Section 2 presents
the data set used and the network of NRTK stations to which
the study is applied. Section 3 develops a novel methodology
for creating the reference measurements from undifferenced
measurements for which the carrier-phase ambiguities have
been ﬁxed. Section 4 presents the implementation of an ionosphere-free combination to obtain the reference navigation
solution. Section 5 assesses the degradation of the positioning
using a single frequency. Section 6 analyses the degradation
of the positioning caused by MSTIDs, presents the implementation of a new index to warn RTK and NRTK users about the
impacts of MSTIDs effects, and provides statistical results in
order to assess the MSTIDs index performance. Finally,
Section 7 summarizes the main conclusions of this work.

2 Data: the CATNET NRTK service
The methodology implemented in this study is developed
using data from a network of sixteen permanent stations
equipped with dual-frequency GNSS receivers. These stations
are part of the CATNET NRTK service of the Cartographic
and Geologic Institute of Catalonia (ICGC) in Spain (Talaya
& Bosch, 1999). Nine stations are selected for the study in
the following conﬁguration: three of the stations are used as
“service user” or “rover” receivers (PLAN, MARE, and SBAR,
depicted in blue in Fig. 1), whereas the remaining six are treated
as ﬁxed reference receivers (BEUD, BELL, SONA, GARR,
LLIV, and CASE, depicted in red in Fig. 1). Details about the
implemented network are presented in Table 1 and Figure 1.
Additionally, in this study, the reference receiver GARR is
used as the reference RTK receiver instead of implementing

Fig. 1. CATNET NRTK network. Receivers in red: reference
receivers; receivers in blue: user receivers.

the typical approach of dynamically selecting the closest reference receiver with respect to the user receiver. This approach
is applied to represent the effect of the distance on the position
solution for each of the three user receivers. The proposed
network conﬁguration does not represent the typical NRTK
baselines between the user receiver and reference receivers, as
we are implementing ﬁxed stations as user receivers. The data
set used in the present study comprises a full year of data from
day of year (DoY) 200 in 2017 to DoY 200 in 2018.

3 Methodology for obtaining unambiguous
measurements in the CATNET service
The accuracy of a HAS depends on factors such as the satellite geometry and/or the quality of the different HAS corrections
(such as the ionospheric corrections). This dependency on several factors makes it difﬁcult to separately attribute the degradation in the navigation solution to any of these factors. RTK and
NRTK are based on ﬁxing carrier phase ambiguities; therefore,
one of the most relevant topics when computing the network
correction is the ability to ﬁx carrier-phase ambiguities at the
network stations. To exclude this dependency, we have ﬁxed
all these carrier phase ambiguities ofﬂine. In this section, we
explained how we process the data to obtain solutions with
ﬁxed carrier-phase ambiguities.
3.1 Fixing carrier-phase ambiguities

GNSS observables (consisting of the pseudorange P and
carrier phase L) emitted by a satellite j and collected by a receiver i, at a frequency fm can be modelled as (Sanz et al., 2013):


Ljmi ¼ qji þ cðT i  T j Þ þ Tropji  I jmi þ km dmi þ djm þ N jmi
P jmi ¼ qji þ cðT i  T j Þ þ Tropji þ I jmi þ Dmi þ Djm
ð1Þ
qji

stands for the geometric distance between the satelwhere
lite and receiver, and c is the speed of light. Ti and Tj are the
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Table 1. CATNET receivers’ speciﬁcations.
Receiver
PLAN
MARE
SBAR
BEUD
BELL
SONA
GARR
LLIV
CASE

Latitude
(degrees)

Longitude
(degrees)

Type of
receiver

PLAN

MARE

SBAR

BEUD

Distances (km)
BELL

SONA

GARR

LLIV

CASE

41.23
41.34
41.79
42.06
41.41
41.80
41.10
42.29
41.69

1.99
2.43
2.17
2.67
1.40
1.52
1.91
1.97
2.90

User
User
User
Reference
Reference
Reference
Reference
Reference
Reference

–
39.3
64.3
109.1
52.8
74.7
15.2
117.7
92.2

39.3
–
54.6
83.2
86.5
92
50.7
112.2
55.5

64.3
54.6
–
51.5
76.9
54.5
79.3
57.7
61.5

109.1
83.2
51.5
–
128.4
100.2
124.3
62.9
45.5

52.8
86.5
76.9
128.4
–
44.6
54.7
108.4
128.9

74.7
92
54.5
100.2
44.6
–
84.4
65.8
115.7

15.2
50.7
79.3
124.3
54.7
84.4
–
131.7
105.4

117.7
112.2
57.7
62.9
108.4
65.8
131.7
–
101.4

92.2
55.5
61.5
45.5
128.9
115.7
105.4
101.4
–

(a)

(b)

Fig. 2. Fractional part of the L1 carrier-phase ambiguities for all the satellites in view from the receivers SBAR on day 359 in 2017. The panels
show the ﬁxing-ambiguity process in which it is possible to ﬁx the carrier-phase ambiguities with conﬁdence.

receiver and satellite clock offsets, respectively. dmi , djm , Dmi ,
and Djm are the instrumental delays (ﬂoated numbers), at the
frequency fm, of each of the devices. Tropji stands for the
tropospheric effect on the GNSS signal. I jmi is the ionospheric
delay (advance for the phase and delay for the code measurement) proportional to fm2 . Finally, for the carrier-phase
measurement, km represents the carrier-phase wavelength,
and N jmi is the integer ambiguity. Although carrier-phase measurements Ljmi are more precise than code measurements Pjmi ,
due to the unknown value of N jmi , Ljmi measurements are
ambiguous.
In NRTK positioning, the expressions in equation (1) are
simpliﬁed by forming double differences (Dr) with respect to
a reference receiver and a reference satellite. One of the advantages of this technique is that the parameters depending upon a
single device (either a satellite or a receiver) are cancel out, producing the following observable (Seeber, 2008):
rLjmi ¼ rqji þ rTropji  rI jmi þ km rN jmi : ð2Þ
According to equation (2), computations in a NRTK network
requires carrier-phase measurements with ﬁxed ambiguities
between the stations of the network. Estimation of the exact
integer value of rN jmi can be achieved by means of any of

the well-known method for ﬁxing such ambiguities, such as
the LAMBDA method (Teunissen, 1995). Therefore, the accuracy of the position estimates depends upon the ability to ﬁx
carrier-phase ambiguities, more precisely, on how many ambiguities are present and how fast the ambiguities are ﬁxed (Sanz
et al., 2013).
To reduce the dependency on the ability to successfully
resolve ambiguities (ambiguity-ﬁxing success ratio), we ﬁx
the integer part of the carrier-phase ambiguities of all the measurements of the undifferenced mode (i.e. before Eq. (2)). To
achieve this, we have taken advantage of knowing the precise
coordinates of each receiver to solve the phase biases, the
so-called fractional part of the carrier-phase ambiguities (Collins
et al., 2008; Ge et al., 2008), to estimate the integer part of the
carrier-phase ambiguities for all the measurements in the
network.
Detailed information about the whole ambiguity-ﬁxing
process can be found in (Juan et al., 2020); here, we simply present some examples of this process. As a ﬁrst example of the
ambiguity-ﬁxing capability, Figure 2a depicts the actual ﬂoating
values of the ambiguities (modulo 10 of the ﬂoating values) for
the receiver SBAR during the day 310 in 2017, illustrating that
the real estimates of the ambiguities are close to the integer
values (modulo 1 of the ﬂoating values). Figure 2b presents
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(a)

(b)

(c)

(d)

Fig. 3. Top panels: example of the ionospheric delays measured with the carrier phases (green) and pseudoranges (red) corresponding to the
receiver MARE during DoY 310 in 2017. The top left panel (a) displays the raw measurements. The top right panel (b) corresponds to the
measurements where the carrier-phase ambiguities have been ﬁxed. The ionospheric delay for the satellite G32, affected by a MSTID, is
highlighted in blue. The bottom left panel (c) presents a more detailed picture of the MSTID event highlighted in panel (b). The bottom right
panel (d) depicts the undifferenced STEC for the satellite G32 measured by receivers MARE (blue), GARR (red), and PLAN (cyan). The double
differences of the ionospheric delays with respect to GARR are also depicted in green (MARE) and black (PLAN).

how different the ﬂoating values of the carrier-phase ambiguities are from their closest integer values. The differences are typically less than 0.2 cycles, enabling the conﬁdent resolution of
carrier-phase ambiguities to their integer values.
A second example showing the advantage of ﬁxing undifferenced ambiguities can be found in Figure 3, which graphically presents a comparison between the GF combinations of
the pseudoranges and carrier for the user receiver MARE.
Figure 3a depicts the values without ﬁxing the carrier-phase
ambiguities, i.e. the raw measurements. Carrier-phase measurements are much more precise (less noisy) than pseudorange
measurements. However, due to the presence of uncorrected
ambiguities, the carrier phases present biases that make them
less accurate than the pseudoranges. Figure 3b depicts the
values after ﬁxing the carrier-phases ambiguities; after this process, the ionospheric delays obtained from the carrier phases are
precise and accurate. In this panel, we highlight the ionospheric
delays experienced by the GPS satellite G32 in blue to demonstrate the effect produced by a MSTID. Figure 3c presents a
magniﬁed view of the Figure 3b, exposing the previously
mentioned disturbance. Finally, Figure 3d shows the advantage
of our approach (i.e., ﬁxing the carrier-phase ambiguities in an

undifferenced manner) with respect to the standard RTK
method of ﬁxing the carrier-phase ambiguities of the doubledifferenced (DD) measurements. Indeed, this panel depicts the
ionospheric delays in the measurements from the satellite G32
and in those collected by the receivers MARE, GARR, and
PLAN in blue, red and cyan, respectively. In all three arcs,
the presence of the MSTID is clear, as is the propagation of
the MSTID. This is not the case for the DD measurements from
MARE (green) and PLAN (black) with respect to GARR. Indeed,
only the differential effects can be seen, with the amplitude of
the MSTID differential effect dependent on the baseline
between the receivers.

4 Obtaining the reference navigation solution
by means of the ionosphere-free
combination
Following the methodology presented in the previous
section, we ﬁx the carrier-phase ambiguities for each of the
nine receivers (the user and reference receivers) selected from
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CATNET. We use these unambiguous data to compute all the
navigation solutions. Note that these unambiguous measurements can be modelled as:


ð3Þ
Ljmi ¼ qji þ cðT i  T j Þ þ Tropji  I jmi þ km dmi þ djm
which is mathematically equivalent to the pseudoranges Pjmi
model in equation (1), except for the sign of the ionospheric
effect and the carrier-phase biases.
Equation (3) is the standard equation for the navigation
problem, i.e. for obtaining the user position ~
ri . After ﬁxing
carrier-phase ambiguities, there are several ways to proceed:
(i) To work with undifferenced measurements (as in
Eq. (3)): in this case, one needs to know the satellite
clock offsets (T j) and the satellite phase biases (dmj ),
which are usually provided by several centres, such as
the International GNSS Service.
(ii) For a common satellite, to make differences between the
user measurements and the measurements from a nearreference receiver: in this case, one does not need the
satellite parameters.
(iii) To make double differences using a common reference
satellite (as in Eq. (3)): in this case, one does not need
to estimate the receiver clock (Ti).
Once ambiguities are ﬁxed, these three techniques should
provide similar results. For simplicity, let us assume we are
using double differences: starting from an approximate position
(~
ro ) for the user, one can compute a value for the receiversatellite vector (~
qjoi ). Therefore, equation (2) can be written as
(Sanz et al., 2013):

 ~
qj
Dr Ljmi  qo ji ¼ oj i ~
ri þ rTropji  rI jmi ð4Þ
qoi
where obtaining the correction vector ~
ri ¼ ~
ri ~
roi is the
basic goal of the navigation problem. This is accomplished
by solving equation (4) using techniques such as least squares
or Kalman ﬁlter.
Differential tropospheric corrections, rTropji , are usually
estimated alongside the correction vector using a simple tropospheric model. Therefore, the main unmodelled term in equation
(4) is the differential ionospheric correction rI jmi , which cannot be solved in equation (4). In fact, the way that rI jmi is
treated determines the different types of navigation solutions
that we present in this work:
 Single frequency RTK solution: For each satellite, the
ionospheric delays for both user and reference receiver
measurements are the same (rI jmi = 0).
 Single frequency NRTK solution: The differential ionospheric delays, rI jmi at the user position can be estimated by linearly interpolating the delays in a set of
permanent receivers surrounding the user receiver.
 Ionosphere-free solution: With a receiver having two
frequencies, the user can build the LIF combination, as
deﬁned in the introduction. This combination cancels
out the ionospheric effect on the GNSS signals.
From their deﬁnitions, NRTK and RTK navigation solutions
will be affected by the errors in the rI jmi assumptions. These

errors will become larger as the baseline between the user and
the reference receiver increases. In contrast, ionosphere-free
measurements are unaffected by the differential ionospheric
corrections. Therefore, the corresponding navigation solution~
rIF
will be independent of the baseline between the user and the
reference receiver.
Figure 4 depicts an example of the navigation solution
obtained with the unambiguous LIF over 24 h for the receiver
PLAN, the closest user receiver with respect to the reference
receiver (15.2 km from the reference receiver GARR). As it
can be seen, the 3D error in the navigation solution is usually
below 10 cm, except during some epochs presenting poor satellite geometries, i.e., when the dilution of precision (DOP) is
larger than 6 (red points). 3D positioning errors better than
10 cm constitute the nominal performance expected for NRTK
positioning (see for instance Cannon et al., 2001; Lachapelle &
Alves, 2002; Wielgosz et al., 2005).
A more general assessment of the 3D positioning error using
LIF is performed in Figure 5. This ﬁgure depicts the statistic for
the three user receivers during the entire data period. This statistic is calculated by means of the complementary of the cumulative distribution function (CCDF, also represented as 1-CDF).
As depicted in Figure 5, 95% of the cases have an error
smaller than 8 cm. This value can be established as the nominal
reference value at the 95th percentile for the 3D positioning
error with LIF.
As expected, the three user receivers report similar statistics
regardless of their distance to the reference station GARR. This
is because, as mentioned above, LIF measurements are not
affected by differential ionospheric delays. Therefore, for each
user receiver, this solution can be taken as the reference solution
when one wants to assess the degradation in the positioning
using the RTK or NRTK techniques, i.e., techniques affected
by the correctness of the ionospheric assumptions.

5 Navigation solution using either the RTK
or the NRTK techniques with
a single-frequency receiver
When a user navigates solely with L1 measurements
(single-frequency receivers), and therefore it is not able to build
the IF combination, the navigation solutions are affected by the
way in which the differential ionospheric delays are corrected.
And example of that can be seen in Figure 6, where the
navigation solution using LIF, RTK and NRTK are compared.
This comparison is done using the CCDFs of the navigation
solutions for the three user receivers and using the three HAS
techniques deﬁned in the previous section.
The shortest baseline length of 15.2 km is between PLAN
and GARR. In this case, as shown in Figure 6a, up to 15 cm,
the 3D position error using L1 (RTK or NRTK) is smaller than
that using LIF. This is because the differential ionospheric
effects between PLAN and GARR are quite small (see the example in Fig. 3d) and, as mentioned in the introduction, the thermal
error of LIF is ampliﬁed by a factor of three with respect that of
L1 and therefore it dominates the error. On the other hand, the
RTK and NRTK single-frequency solutions are quite equivalent, and the degradation of the solution with respect to that
using LIF occurs with relatively low probability (less than 1%).
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Fig. 4. Ionosphere-free combination for the navigation solution at the PLAN receiver. From top to bottom: 3D error, up, north, and east
components.

Figure 6b presents the results for MARE, located at 50.7 km
from GARR. The differential ionospheric term in equation (4)
becomes greater than in the results for PLAN, and more than
10% of the cases using L1 with RTK positioning have positioning errors larger than 8 cm. However, if the ionospheric delay is
corrected using the data from the network (NRTK), the probability of having an error larger than or equal to 8 cm is approximately 8%. This result is not exceedingly different from the
percentage found in the case with LIF (approximately 5%).
Finally, panel (c) of Figure 6 depicts the results for the user
receiver SBAR (79.3 km from GARR). The degradation of the
RTK solution increases considerably. Indeed, the probability
of having an error larger than 8 cm in the 3D positioning
reaches nearly 40%, while with NRTK positioning, the probability is approximately 10%, i.e., 5% more than the solution
using LIF.
Taking into account the previous results, we deﬁne the 3D
positioning degradation, d3D, as the modulus of the difference
between the single-frequency navigation (RTK or NRTK)
solution ~
r with respect to the reference solution ~
rIF :
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð4Þ
rIF ~
rjj2 :
d3D ¼ jj~
Figure 7 presents the statistical 3D degradation by means of the
CCDF, for the three user receivers with the previously deﬁned
data set corresponding to the years 2017 and 2018. These plots
conﬁrm the results obtained and presented above. Indeed, for
SBAR, as shown in Figure 7c, 10% of the RTK solutions present
a degradation larger than 14 cm, while less than 1% of the
NRTK cases present a degradation larger than 14 cm. However,
if one compares the NRTK results for SBAR with those for
PLAN (Fig. 7a), one can see that the 99th percentile is less than
9 cm for PLAN but 12 cm for SBAR. This represents a clear

Fig. 5. Statistics for the 3D positioning error using the IF
combination: the Y-axis depicts the probability of the 3D positioning
error being greater than the value on the X-axis.

increase in the degradation in the NRTK solution, which is
related with to the larger baseline.

6 Effects of MSTIDs on position degradation:
definition of an index linked to MSTIDs
We have shown that the NRTK solutions are closer than
RTK solutions to the dual-frequency (LIF) solution. However,
as observed in Figure 7, there is some degradation in the
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(a)

(b)

(c)
Fig. 6. Ionosphere-free (LIF) solution in green, NRTK single-frequency (L1) solution in blue, and RTK single-frequency (L1) solution in red
for three receivers: (a) PLAN, (b) MARE, and (c) SBAR.

positioning for the two receivers with the largest separation distance in the NRTK solution with respect to the IF solution. In
this section, we analyse the part of the degradation in the NRTK
solutions associated with the presence of MSTIDs. Indeed,
NRTK positioning assumes that the differential ionospheric
delays between receivers present a linear spatial behaviour. This
linearity is broken by the presence of ﬂuctuations with wavelengths (such as MSTIDs wavelengths) comparable to the
network baselines. In the ﬁrst subsection, we will show how
MSTIDs can be detected and then propose the deﬁnition of
an index linked to MSTIDs activity. In the second subsection,
we will present some examples of the relationship between
the position degradation and the presence of MSTIDs. Finally,
in the third subsection, we will perform a statistical analysis
of this relationship.
6.1 Detecting MSTIDs and defining a MSTIDs activity
index

Hernández-Pajares et al. (2006) showed that the typical period of a MSTID is on the order of tens of minutes and further
deﬁned a method to detect such a ﬂuctuations at this time scale

by building the second difference in time (D2) of the slant total
electron content (STEC) at a given epoch t, deﬁned as:
2 STECðtÞ ¼ 0:5  ðSTECðt þ sÞ þ STECðt  sÞÞ
 STECðtÞ

ð5Þ

where s is set in such a way that it is optimal for detecting
MSTIDs with a period of 10 min; i.e., when s is equal to
5 min (Hernández-Pajares et al., 2006), there is sufﬁcient
sensitivity to detect the presence of MSTIDs with periods
reaching tens of minutes. Additionally, by setting s to
5 min, we are able to provide warnings about the presence
of MSTIDs activity on a short time scale.
To quantify the activity of a MSTID, for each satellitereceiver pair, we deﬁne the MSTIDs index as the integrated
amplitude over an interval 2s (i.e., 10 min, which results in 20
samples when the measurements are sampled at a rate of 30 s):
MSTID2IDX ðtÞ ¼

t

2
1 X
2
MðeÞ   STECðiÞ
20 i¼t2s

ð6Þ

where M (e) is an obliquity factor for mitigating larger values
of D2 STEC (i) at low elevations.
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(a)

(b)

(c)
Fig. 7. CCDFs of the 3D degradation in the positioning error for the receivers (a) PLAN, (b) MARE, and (c) SBAR during the 1-year period of
2017–2018.

Figure 8 depicts the D2 STEC, as deﬁned in equation (5), for
the receivers GARR, SONA, and SBAR tracking the same GPS
satellite (G01). It is clear that the presence of a MSTID (with
an amplitude close to 1 TECU and a period of approximately
1000 s) affects the three receivers. This STEC ﬂuctuation
clearly breaks the linearity assumption in NRTK positioning.
Figure 9 presents the results obtained after calculating
MSTIDIDX (deﬁned in Eq. (6)) for the same satellite-receiver
pairs as those in the example depicted in Figure 8. Certainly,
it is possible to detect and isolate the MSTID event occurring
at approximately 33,000 s of DoY 039, when MSTIDIDX
reaches a value of 0.5 TECU, which is 0.05 m for LGF
(1 TECU = 0.105 LGF m).
6.2 Relationship of MSTIDIDX with the error
in the ionospheric corrections

Previous sections investigate the relation of the MSTID
index with respect to the degradation in the ionospheric corrections and, consequently, in the position accuracy. Regarding
the ionospheric corrections, note that this degradation is not
inﬂuenced only by the MSTIDs activity during the user measurements period. Indeed, because the ionospheric delay is
interpolated in NRTK positioning, any activity at any of the

Fig. 8. MSTID effects on the second difference of the STEC for
three receivers: GARR, SONA, and SBAR.

reference site contributes to the user positioning degradation.
This can be seen in Figure 10, which corresponds to DoY
221 in 2017.
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(a)

Fig. 9. MSTID index deﬁnition applied to three receivers on DoY
039 (February 6th) 2014: GARR, SONA, and SBAR.

(b)

Fig. 10. D2 STEC for the user receiver SBAR (blue) and reference
receiver BEUD (green); the error in the ionospheric correction (red)
is clearly correlated with the presence of a MSTID.

Figure 10 depicts the D2 STEC experienced by measurements from the GPS satellite G09 for the user receiver SBAR
and for the reference receiver BEUD. The resulting error in
the ionospheric correction (which is obtained by ﬁtting a linear
model from the reference sites) at SBAR for the speciﬁc satellite
G09 correlates with the presence of a MSTID that propagates towards the southwest. This results in a ﬂuctuation of
D2 STEC observed ﬁrst at BEUD and then at SBAR. Evidently,
a MSTID affecting any of the reference receivers participating
in the computation of the ionospheric correction in the network
contributes to the error at the user receiver.
In light of previous results, one conservative approach is to
deﬁne, for each satellite in view, an MSTID index associated
with the whole NRTK network. This is accomplished by taking
the maximum value of the MSTIDIDX experienced by any reference receiver collecting data from that satellite. Taking into
account this network of MSTIDIDX values, users can be warned
about large ionospheric errors in their corrections that could

(c)
Fig. 11. Histogram of the error of the ionospheric corrections; 95th
percentile (ﬁlled red boxes), 99th percentile (empty blue boxes). CDF
of the ionospheric corrections (black line). The statistic is done for
the three rover receivers: (a) PLAN, (b) MARE, and (c) SBAR.

affect their navigation solutions. However, the accuracy of the
navigation solution depends on other factors in addition to the
quality of the ionospheric corrections, such as the geometry of
the observations. For that reason, we can take advantage of having undifferenced and unambiguous carrier-phase measurements to assess the errors in the ionospheric corrections at the
user positions. Indeed, Figure 11 depicts the ionospheric errors
during the studied period for the three user receivers. In this
assessment, we consider only observations with elevation angles
above 30°; in this way, we exclude large errors at low elevations
that are not related to ionospheric activity. Each panel depicts,
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for the three user receivers, histograms of the 95th and 99th percentiles of the ionospheric errors corresponding to speciﬁc values of the MSTIDIDX. As it can be seen, as the MSTIDIDX
increases the probability of having larger ionospheric errors also
increases. Therefore, one could select some threshold value for
MSTIDIDX to exclude observations with large errors. For this
purpose, we include the CDF of the overall cases in order to

account for the percentage of the cases that will be ﬁltered
out with the MSTIDIDX threshold. For instance, by setting the
MSTIDIDX to 0.1 TECU it is possible to guarantee that, for
the three user receivers, the 95th percentile of the ionospheric
corrections will be approximately less than 0.2 TECU, at the
cost of excluding less than a 10% of the total measurements
collected.

(a)

(b)

(c)
Fig. 12. 3D position errors and maximum MSTIDs amplitudes on days 298 and 325 of 2017 for the user receivers (a) PLAN, (b) MARE, and
(c) SBAR.
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(a)

(b)

(c)
Fig. 13. 3D position degradation probabilities for user receivers: (a) PLAN, (b) MARE, and (c) SBAR. The solid lines represent the position
solutions for RTK (red) and NRTK (blue) for all MSTIDs amplitudes. The NRTK solutions are also shown with MSTIDs amplitudes of less
than 0.15 TECU (black) and with MSTIDs amplitudes of less than 0.10 TECU (green).

6.3 Relationship of MSTIDIDX with the degradation in
positioning

As mentioned in previous section, for a user that needs to
correct for the ionospheric effects on their observations (i.e.,
users with single-frequency measurements), the errors in the
ionospheric corrections are translated to the position accuracy.
Figure 12 presents several examples of the degradation in the
3D position errors for three stations (from top to bottom PLAN,
MARE, and SBAR) in contrast to the amplitude of the MSTID
provided by the MSTIDIDX, on the left and on the right columns
respectively. The examples correspond to days 298 and 325 of
2017. A noticeable relationship exists between the degradation
in the position error of the receiver and the maximum detected
MSTID amplitude in the NRTK network. For a better representation of this relationship, MSTIDIDX has been ampliﬁed by an
arbitrary scale factor from its original amplitude value (in
metres). The user receiver PLAN shows less severe degradation
of the position error than the two other receivers.
For results similar to those depicted in Figure 12 encompassing the whole period of time studied in this work, readers are
referred to the following public website: http://147.83.47.222/
TechTIDE_database/2017/DDD/NRTK_performance_CATNET/
Plots/, where “DDD” is the three-digit DoY.

6.4 Statistical analysis

We performed a statistical analysis based on the CCDFs for
the position results from DoY 200 in 2017 to DoY 200 in 2018.
Figure 13 provides the probability of 3D position degradation
for three user receivers (PLAN, MARE, and SBAR). Figure 13
also illustrates a comparison of the degradation using RTK
and NRTK positioning. Moreover, to see the relationship
between the 3D position degradation and MSTIDs, the NRTK
solution is also computed when:
1. MSTIDIDX is lower than 0.15 TECU, for which, in SBAR,
0.1% of the cases present a degradation larger than 10 cm
in 3D coordinates.
2. MSTIDIDX, is lower than 0.10 TECU, for which, in
SBAR, 0.2% of the cases present a degradation larger than
10 cm in 3D coordinates.
As shown in Figure 13, for the user receivers SBAR and
MARE, which are located farther away than PLAN, there is a
noticeable reduction in the degradation error when solutions
are excluded from the statistics taking into account MSTIDIDX.
In Tables 2–4, such a reduction in the degradation in the positioning error (by means of the 50th, 95th, and 99th percentiles)
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Table 2. NRTK position degradation (in cm) for the user receiver
PLAN with respect to MSTID index thresholds (in TECU) by means
of the 50th, 90th, and 95th percentiles.

No threshold for MSTID
MSTID index less than 0.15
MSTID index less than 0.10

50%

95%

99%

1.8
1.8
1.7

5.3
5.1
4.9

8.8
8.2
8.0

Table 3. NRTK position degradation (in cm) for the user receiver
MARE with respect to MSTID index thresholds (in TECU) by means
of the 50th, 90th, and 95th percentiles.

No threshold for MSTID
MSTID index less than 0.15
MSTID index less than 0.10

50%

95%

99%

2.1
2.1
2.0

7.2
6.0
6.0

12.8
10.6
9.4

Table 4. NRTK position degradation (in cm) for the user receiver
SBAR with respect to MSTID index thresholds (in TECU) by means
of the 50th, 90th, and 95th percentiles.

No threshold for MSTID
MSTID index less than 0.15
MSTID index less than 0.10

50%

95%

99%

2.0
1.9
1.8

6.7
5.8
5.7

12.2
10.2
9.3

is quantiﬁed for the same MSTIDIDX thresholds presented in
Figure 13.
From Figure 13 or the aforementioned tables, one can see
that the reduction in the degradation is lower for the closest
receiver, PLAN (approximately 10%), which is almost unaffected by MSTIDs: the degradation is maintained at approximately 5 cm in the 95th percentile and 8 cm in the 99th
percentile.
This is not the case for the other two receivers, where the
degradation is approximately 12 cm in the 99th percentile when
MSTIDIDX is not taken into account. However, if the MSTIDIDX is considered, the degradation in the navigation solution
is reduced up to 26% for MARE and 23% for SBAR. Furthermore, for the 95th percentile, SBAR and MARE reach levels
of reduction similar to PLAN (the closest receiver). Therefore,
MSTIDIDX can be used as an indicator that warns users of
degradation in the navigation solution.

7 Conclusions
The present contribution analyses the impacts of MSTIDs
on a network of permanent geodetic receivers located at midlatitudes. The methodology relies on three main steps: First,
as detailed in Section 3, reference measurements are obtained
by applying a novel method of ﬁxing carrier-phase ambiguities
in the undifferenced measurements, avoiding the classic use of
double-differenced carrier-phase measurements, where only differential MSTIDs effects can be seen. In this way, we conduct
this study independent of the ambiguity ﬁxing success rate.

Second, thanks to the previous carrier-phase ambiguity ﬁxing,
a reference navigation solution based on the ionosphere-free
navigation combination (LIF) is computed, making it possible
to account for only the effects related to the ionosphere. Third,
this reference navigation solution is compared with the navigation solution computed using either RTK or NRTK. In this way,
we assess the impacts of the ionosphere effects on the 3D
positioning.
The relationship between the positioning error and the
MSTIDs is also shown, where the presence of an MSTID is a
degrading factor for user positioning not only in RTK but also
in NRTK. This degradation is related not only to the effect of
the TID on the user measurements but also to the measurements
of any of the reference receivers.
An MSTID index is deﬁned and implemented as a tool to
warn users about possible positioning degradation. The performance is tested with three stations located at 15, 50, and
79 km from the reference receiver. Using this index over a data
set covering one year, we show that it is possible to obtain
similar accuracies in the three baselines.
As a product related to this work, real-time estimates of
MSTIDIDX, applied on more than one hundred of worldwide
GNSS receivers, are computed and stored in the Warning and
Mitigation Technologies for Travelling Ionospheric Disturbances Effects (TechTIDE) open repository, located at the
following internet address: http://techtide.space.noa.gr/.
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