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Abstract: The international GNSS service (IGS) real-time service (RTS) provides orbit and clock
corrections for the global navigation satellite system (GNSS) via the internet. RTS is widely used
for real-time, precise positioning and its data is transmitted via the internet. Intermittent data loss
can occur and cause positioning accuracy degradation. RTS data has a discontinuity when the
issue of data (IOD) changes every two hours. If the signal loss occurs immediately after the IOD
change, then the performance of the RTS prediction degrades significantly. We propose an adjustment
method to make the RTS data across the IOD change, which makes it possible to use long RTS data
for building a prediction model. The proposed adjustment method is combined with a long-short-
term memory (LSTM) network to improve long-period prediction accuracy. Experiments with GPS
and RTS were performed to evaluate the RTS orbit prediction accuracy. The LSTM with the IOD
adjustment outperforms other polynomial prediction methods, and the positioning accuracy with the
predicted RTS orbit correction shows a significant improvement.
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1. Introduction

While precise satellite orbit and clock products are necessary to perform the precise
point positioning (PPP) technique, any errors that exist in the global navigation satellite
system (GNSS) absolute positioning must also be modeled. The international GNSS Service
(IGS) real-time service (RTS) correction or IGS ultra-rapid product is mainly used to correct
the orbit and clock error components of navigation satellites for real-time applications.
However, the IGS ultra-rapid product makes use of predicted information, and the error of
the clock increases over time and does not meet the requirements of PPP [1,2].

The RTS correction provides information about the navigation satellite orbit and clock
correction over the internet, and the user can obtain accurate orbit and clock information by
applying the RTS correction to the navigation satellite orbit and clock from the navigation
message. However, RTS availability is not 100% due to issues such as caster failure or
user’s internet connection, and it may cause a problem with applying RTS orbit and clock
corrections in real-time. If RTS correction information is not available during the real-time
PPP, the positioning error may increase rapidly. Therefore, it is necessary to predict the RTS
correction during the signal interruption period to prevent the error from increasing.

Several studies have been carried out to predict the RTS correction. First, the prediction
has been proposed using a polynomial model in a short time interval [3]. Some studies have
performed clock correction prediction by modeling the RTS correction and IGS ultra-rapid
product as a harmonic function [4–6], and another study applied the Fourier series to the
prediction [7]. Studies have also been proposed that apply machine learning to prediction.
For example, there was a case where RTS prediction was performed by combining an auto-
regressive moving average (ARMA) with a neural network or genetic algorithm [8,9] and a
case where RTS correction was predicted with a long-short term memory (LSTM) [10,11].
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In general, these advanced algorithms show better performance over a long period interval
than the polynomial method.

Information about the issue of data (IOD) is included in the navigation message
transmitted by GNSS and RTS. IOD means the issue number for the transmitted message.
IOD includes IOD ephemeris (IODE), which is an IOD value for the orbit, and IOD Clock
(IODC), which is a value for the clock. The IOD changes if the navigation message is
changed every 2 h. The RTS correction is not an absolute value, but an additional value
to the broadcast ephemeris and clock in the navigation message. When the broadcast
ephemeris is changed every two hours, the RTS correction changes according to the new
broadcast ephemeris. When the IOD changes, both the RTS correction and the satellite orbit
calculated from the navigation message change discontinuously. A special situation is when
the RTS signal outage or loss occurs immediately after the IOD change. In this situation, it
becomes very difficult to predict the RTS correction. This is because the prediction method
does not have enough fitting data for the prediction. For example, if the IOD changes at 2:00
P.M. and the RTS signal loss occurs at 2:03 P.M., we have only three minutes of fitting data
for the RTS prediction process. To solve this problem, the authors proposed using the orbit
change value to eliminate the RTS correction discontinuity at the IOD change. Although this
special situation is rare, e.g., a few minutes during two-hour constant broadcast ephemeris
transmission (between consecutive IOD changes), it is important for PPP that requires
continuous orbit and clock corrections to resolve ambiguities. The usefulness of the concept
was demonstrated using a polynomial prediction model at the time of IOD change [12].
The polynomial model uses shorter fitting data than other extended prediction models, e.g.,
LSTM, and the accuracy improvement by the IOD change adjustment may differ from the
extended models.

In this study, we propose a prediction method for RTS orbit correction using the
LSTM network by removing the discontinuity of RTS correction when signal interruption
occurs after the IOD change. Since RTS clock corrections have white noise characteris-
tics [3], the performance improvement from the LSTM was not significant as the amount of
computation for the RTS clock correction increased; so, only the RTS orbit correction was
predicted with the LSTM network. By applying the orbit difference between orbits before
and after the IOD change to RTS correction, discontinuities were removed and used for
LSTM network updates. Compared to the polynomial prediction method, the LSTM needs
more observation data to update its trained network. After the IOD change, there is very
little data available for the update and the LSTM performance decreases significantly. The
performance of the proposed method was verified by comparing the RTS orbit prediction
and the PPP results with the existing prediction methods. Because there was no signifi-
cant performance improvement in the prediction of the clock correction using the LSTM
network, the 0th-order polynomial was used in the clock correction prediction in all cases.

2. Background and Methods
2.1. Overview of RTS Correction

RTS correction is streamed over the internet in the radio technical commission for
maritime services (RTCM) state space representation (SSR) format. The internet protocol
uses networked transport of RTCM via internet protocol (NTRIP) [13–16].

RTS corrections are produced by the IGS real-time workgroup (RTWG), as shown in
Figure 1 [15,17]. The first step is for real-time analysis centers (RTAC), including BKG,
CAS, CNES, DLR, ESA, GFZ, GMV, NRCan, SHAO, UPC, and WUHAN, to produce
individual solutions using observations from IGS GNSS network. The second step is for the
combination centers, BKG, and NRCan, to combine the products and produce individual
solutions. Realignment, detection, and elimination of outliers, and averaging are performed
during this process. The final step is for distribution centers to stream products over the
internet using the NTRIP client. IGS Central Bureau (IGSCB) and BKG are the two primary
product distribution centers, and there are also several secondary distribution centers.
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IGS RTS provides several products for orbit and clock correction, such as Table 1 [15].
The SSRA01IGS1 and SSRC01IGS1 use a single-epoch combination to generate a 5-s interval
solution, while the rest use a Kalman filter to generate a 60-s orbit and 10-s interval clock
solution. The origin of the coordinate system is also divided into center of mass (CoM) and
antenna phase center (APC) according to the type of RTS product [18]. The IOD of the RTS
correction is included in the orbit information, and the correction must be applied to the
navigation message corresponding to the IOD of the RTS correction. Detailed information
on IGS RTS is available online [15].

Table 1. List of RTS orbit and clock correction products.

Product Description Ref Point Satellite System

SSRA01IGS1 Single-Epoch
Combination APC GPS

SSRC01IGS1 Single-Epoch
Combination CoM GPS

SSRA02IGS1 Kalman Filter
Combination APC GPS, GLONASS,

Galileo

SSRC02IGS1 Kalman Filter
Combination CoM GPS, GLONASS,

Galileo

SSRA03IGS1 Kalman Filter
Combination APC GPS, GLONASS,

Galileo, BeiDou

SSRC03IGS1 Kalman Filter
Combination CoM GPS, GLONASS,

Galileo, BeiDou

Since RTS orbit correction is provided in radial, along-track, and cross-track (RAC)
coordinate systems, transformation to the Earth-centered Earth-fixed (ECEF) coordinate
system is essential for applying to navigation message via the transformation equation as

êr =

→
r∣∣∣→r ∣∣∣ êc =

→
r ×

.
→
r∣∣∣∣→r × .
→
r
∣∣∣∣ êa = êc × êr (1)

−−→
RTS ECEF = [êr êa êc]

−−→
RTS RAC (2)
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where
→
r ,

.
→
r are position and velocity vectors of the satellite. êr, êa, and êc are unit vectors of

RAC direction.
−−→
RTS RAC is the orbit correction vector in the RAC coordinate system and

−−→
RTS ECEF is the orbit correction vector in the ECEF coordinate system.

Figure 2 is data of the GPS pseudo-random number (PRN) 18 satellite, showing
that the orbit correction changes discontinuously when the IOD is updated every 2 h.
Even the variation pattern of the RTS signals has completely changed after the IOD is
changed. Therefore, it is not possible to use the old RTS correction after the IOD change.
The behavior of the clock correction changes is slightly different from the orbit correction
changes. The magnitude of the clock correction change is relatively smaller than that of
the orbit correction change. At some IOD changes, there are no clock correction jumps [19].
Therefore, it is difficult to predict the RTS correction when the signal interruption occurs.
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Figure 2. RTS correction discontinuity at IOD changes (GPS PRN18, 2 October 2022).

2.2. Analysis of the RTS Correction at the Time of IOD Change

To analyze the changes in the RTS corrections at the time of the IOD change, the mean
change of the RTS corrections at each IOD change was calculated. SSRA03IGS1 (IGS03)
data streamed from 28 September to 2 October 2022, was analyzed. At 12 IOD changes per
day, a total of 58 changes were considered, excluding the start and end of the data.

Figure 3 is obtained by averaging the magnitude of the discontinuities that occurred
in the GPS orbit and clock correction at the time of the IOD change. The magnitude of
the change varies with the direction of the orbit correction. The change in the along-track
direction was the greatest, with an average of 0.42 m, while the change in the cross-track
direction was the smallest, with an average of 0.08 m. The reason why change is the greatest
in the along-track direction is that the change in orbit of the satellite is the greatest in the
velocity direction. When the 3D orbit change is calculated, the mean is 0.46 m, and the
clock correction is 0.06 m, which is similar to the radial direction.

Figure 4 shows the result of the mean change in RTS correction per day. It was
calculated by averaging the magnitude of the change of all GPS satellite corrections by date.
As shown in Figure 4, the along-track direction has the greatest magnitude of change with
a mean value of 0.46 m.
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Figure 3. The magnitude of the RTS correction differences at IOD changes (GPS satellites, 28
September–2 October 2022).
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28 September–2 October 2022).

2.3. Change in RTS Correction and Navigation Message at the Time of IOD Change

When the IOD changes, a discontinuity occurs in the orbit generated from the navi-
gation message and the RTS correction. When predicting RTS correction, it is difficult to
predict with discontinuous data, so prediction should only be performed with the data
received after the IOD change. However, due to the small amount of received data, a large
prediction error occurs. If the difference in orbit calculated by the navigation message
before and after the IOD change is applied to the RTS correction using this method, then
it is possible to predict the RTS correction after the IOD change and the RTS correction
becomes continuous.

Figure 5 shows the change in RTS radial correction and the change in the orbit of the
navigation message before and after the IOD change. RTSIOD1 and RTSIOD2 are the RTS
corrections before and after the IOD change, respectively. After the IOD change, RTS has a
change of 0.13 m, and its variation behavior becomes completely changed. The satellite

orbit difference ∆
→
O is calculated by subtracting the derived orbits of the navigation message

before and after the IOD change as follows:

∆
→
O =

→
O IOD2 −

→
O IOD1 (3)

where
→
O IOD2 is the orbit of the satellite calculated by the navigation message after the IOD

change and
→
O IOD1 is the orbit calculated by the navigation message before the IOD change.
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If ∆
→
O is applied to the correction received after the IOD change, it is possible to obtain the

continuously changing correction from the previous IOD correction as

∆
−−→
RTS IOD2−IOD1 =

−−→
RTS IOD2 − ∆

→
O (4)

∆
−−→
RTS IOD2−IOD1 is the RTS correction by removing the discontinuity that occurred at the

IOD change. Therefore, it is possible to update the LSTM network with all data regardless
of the change in IOD, even if a signal interruption occurs after the IOD change.
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2.4. LSTM Network

When learning data over a long period of time with a recurrent neural network (RNN),
the weights are not updated correctly due to the gradient loss that occurs during the back-
propagation process [20]. To solve this long-term dependency problem of RNNs, the LSTM
technique was introduced [21].

As shown in Figure 6, the LSTM cell has the input xt and the output ht, which is
also known as the hidden state [22]. There are also three gates (forget, input, and output)
that allow long-term data to process. Each gate computation can be considered as a fully
connected layer [23]. The output of each gate, ft, it, and ot, can be computed as

ft, it, or ot = σ(Wxxt + Whht−1 + bi) (5)

where σ(x), known as the Sigmoid activation function, can map a real value to the inter-
val from 0 to 1 to describe how much information passes through. An output value of
1 indicates that no data is passed, and an output value of 0 does that all data is passed. Wx
is the weight for the current input xt and Wh is the weight for the output of the previous
LSTM cell ht−1. And bi represents the bias for each gate. In Figure 6, the cell state passes
through the entire cell in the LSTM layer and acts as a memory. The current cell state Ct
can be calculated using input and forget gates as

C̃t = tanh(Wxcxt + Whcht−1 + bc) (6)

Ct = ftCt−1 + itC̃t (7)

where C̃t is the input cell state and is calculated as a fully connected layer using the
hyperbolic tangent function tanh(x). The input gate determines how much of the current
input xt should be updated to Ct−1. The forget gate determines which data is saved or
forgotten and prevents gradient loss problems. Due to its gated structure, especially the
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forget gate, LSTM is an effective and scalable model for many long-period sequential
learning problems [24]. Finally, the output of the current LSTM cell can be calculated as

ht = ottanh(Ct) (8)
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Using the output gate, we can only export the part we want to send as output.
The LSTM network implemented in this study is trained to predict the future with

one-step forward. Figure 7 depicts the prediction method of the one-step forward LSTM
network. This method consists of LSTM network update and prediction. LSTM network
update is performed at the point of each data observation, and one-step forward data is
recursively predicted in the prediction stage.
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3. Data Processing

The LSTM prediction experiments were performed on the assumption that the RTS
correction outage occurs immediately after the IOD change. The RTS was assumed to be
interrupted for 3000 s from 180 s after the IOD change, and since IOD changes every 2 h,
a total of 12 data loss periods per day was assumed. The prediction performance of the
LSTM network was compared with the polynomial model.

To predict RTS orbit and clock correction using a polynomial model, it is necessary
to select the best polynomial order for the prediction. In this study, the order was chosen
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based on references [3,25]. RTS orbit correction can be approximated by the 2nd to 4th-
order polynomial model, and clock correction uses 0 or 1st-order [3]. Based on the results
of Hadas’s research [3,25], the 2nd-order showed good results for the prediction of orbit
correction up to 5 min, and the 3rd or higher order showed good results for long-term
predictions. When a 4th-order polynomial was used for a 2-h fitting period, the standard
deviation (STD) of the fitting error was 4 times smaller than that of the 3rd order. Since
the RTS clock correction has no great tendency to follow 1st or higher-order polynomials,
a 0th-order (constant) polynomial can be used [3]. In this study, two polynomial models
were used to predict the RTS orbit correction. When the fitting data was sufficient by using
the data before and after the IOD change, the 4th order was used. And when the fitting
data was insufficient by using the data only after the IOD change, 1st order was used.

SSRA03IGS1 data for a total of 4 weeks from 7 July to 3 August 2022, was used
to train the LSTM network for the orbit correction prediction. For the pre-processing
of LSTM network training data, all data was separated and standardized for each IOD
interval. The number of LSTM cells is 50 and they have been trained to predict future
data one-step ahead using the adaptive moment estimation (Adam) optimizer. Based on
first-order gradients, the Adam optimizer adaptively calculates the learning rate for each
weight and is one of the most efficient stochastic optimization algorithms [26]. Adam is
a method that combines the advantages of adaptive gradient (AdaGrad) and root mean
square propagation (RMSProp) [26]. Since the LSTM network is trained with data before
the prediction test is preformed, the LSTM network update is performed in real-time using
the RTS orbit correction received before the interruption.

Two types of LSTM experiments were performed with different lengths of update
data. One updated the LSTM network at a short data interval (180 s) after the IOD change.
The other updated the LSTM network with a long data interval (3600 s) before and after
the IOD change. The latter utilized the concept of the orbit difference adjustment after the
IOD change. The polynomial experiments have the two types as well—one with a short
length of data for polynomial fitting and the other with a long length of data.

When considering the IOD change, network update and 4th order polynomial fitting
were performed with 3600 s of data before and after the IOD change. When ignoring the
IOD change, the network update and 1st order polynomial fitting were performed with
180 s data right after the IOD change. With the short 180 s fitting data, 4th order polynomial
fitting is not suitable and 1st order was used instead. After the update or fitting, the RTS
prediction was executed for 3000 s. All four cases are summarized in Table 2. As mentioned
earlier, LSTM was not used for the RTS clock correction, and all four cases used the same
0th order polynomial for the clock prediction.

Table 2. List of RTS prediction methods in case of RTS signal loss.

Parameter Case 1 Case 2 Case 3 Case 4

IOD use Past + Recent Recent Past + Recent Recent
Prediction Method LSTM LSTM 4th Polynomial 1st Polynomial

Fitting length 3600 s 180 s 3600 s 180 s

Figure 8 depicts the time intervals of the update and prediction. The test was per-
formed a total of 12 times per day, at every two-hour IOD change interval. An RTS
interruption occurred 180 s after the IOD change, and the prediction of RTS correction was
performed for 3000 s. Cases 1 and 3 used 3600 s of data before and after the IOD change,
while Cases 2 and 4 used only 180 s of data after the IOD change.
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4. RTS Prediction Results

Prediction of the RTS corrections was performed using the four methods, cases 1
through 4. Five days’ worth of data were processed to evaluate the performance of the
LSTM prediction method with the consideration of the IOD change.

Figure 9 shows the original RTS correction and the prediction results in the along-track
direction. With the adjustment of the IOD change differences—Cases 1 and 3—the predicted
correction is linked to the raw RTS data before the IOD change (~14,400 s). Especially Case 1
(LSTM) shows continuous RTS data from 10,800 s to 17,000 s. Without the adjustment of
the IOD change difference, seen in Cases 2 and 4, the predicted correction is linked to the
raw RTS data after the IOD change (~145,800 s) and has a jump from the raw RTS data
before the IOD change. Case 4 diverges in the beginning and it proves that the short fitting
interval is not especially suitable for the polynomial prediction.
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Figure 9. RTS correction prediction results (GPS PRN02 along track, 28 September 2022).

The accuracy of the predicted corrections was calculated by adding the predicted
results to the orbit derived by the navigation message and by comparing them to the
IGS precise ephemeris. Figure 10 shows the mean of the orbit prediction errors for each
prediction interval. Label 1800 s represents the prediction error up to 1800 s after the
RTS signal loss. In the short prediction intervals, e.g., 600 s, the error difference between
the cases is not significant, but the difference grows with the prediction intervals. Case 1
outperforms Case 2, and the error is reduced by 71.8% for the 3000 s interval. It proves
the effectiveness of the IOD change adjustment. The error reduction of Case 1 over Case 3
is 80.6% for the 3000 s interval. It proves the effectiveness of the LSTM network over the
polynomial method for a long prediction interval.
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5. PPP Performance Analysis Using RTS Predictions

The positioning accuracy with the predicted RTS corrections was evaluated. For the
real-time test, only GPS data was used, and the prediction results were applied to the
GPS broadcast ephemeris. PPP was performed by RTKLIB, a real-time precise positioning
program. RTKLIB is an open-source program developed by Takasu of the University of
Tokyo and is now widely used to run PPP [27]. The functionality of real-time prediction of
the RTS correction using the LSTM and polynomial methods was implemented in RTKLIB,
and the real-time positioning accuracy was evaluated. The GPS observation data from the
IGS ONS1 station in Sweden was used via NTRIP, and the same RTS prediction data of the
previous section was applied to RTKLIB. GPS broadcast ephemeris and clock data from
NTRIP were used. RTS signal loss was simulated by blocking the RTS data stream from
the internet to the RTKLIB PPP software. The experiments were performed every 2 h for
5 days from 28 September to 2 October 2022, and the true position of the ONS1 station
was obtained from the IGS SINEX file. Case 4 was excluded from the PPP experiments
because the PPP results diverged from the start due to a large prediction error. A total of
four PPP experiments were performed simultaneously using Cases 1–3 and the original
RTS corrections.

Figure 11 shows the PPP positioning error with the predicted RTS data from 11:00
to 13:00 UTC on 2 October 2022. The IOD change occurred at 12:00 (43,200 s) and the
prediction lasted for 3000 s, from 43,380 s to 46,380 s. ”RTSorg” is a PPP result of using
original uninterrupted RTS corrections without blocking the RTS stream and is presented
for reference. The PPP results with the predicted RTS correction, Cases 1 to 4 might not
be equal or better than the PPP results with the original RTS correction, RTS_org, but they
were close to the RTS_org with a better prediction. With the adjustment of the IOD change
difference, in Cases 1 and 3, the positioning error remained low at the beginning of the
prediction interval. Without the adjustment of the IOD change difference, as seen in Case 2,
the positioning error grew rapidly at the beginning of the prediction interval. The IOD
change adjustment was effective in both positioning and correction prediction. Case 3
had a similar positioning accuracy to Case 1 up to 1000 s of the prediction interval, the
44,380 s mark in Figure 11, but Case 3’s positioning error rapidly grew after that point.
This behavior, the advantage of the LSTM method over the polynomial method for a long
prediction interval, was consistent with the RTS prediction results in Figure 10. After the
prediction was over, the error of Case 1 quickly converged to the original accuracy, but the
error of other cases required extra convergence time due to their large positioning error
during the prediction interval.
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Figure 11. PPP positioning error with different prediction methods (2 October 2022).

Figure 12 compares the PPP positioning error RMSs from different prediction intervals.
The five-day positioning errors are averaged. As the RTS correction prediction results show
in Figure 10, Case 1 shows the best PPP accuracy. The growth of the positioning error of
the LSTM network in Cases 1 and 3 was modest along with the growth of the prediction
interval, but the growth of the positioning error of the 4th order polynomial, seen in Case 2,
was rapid with the growth of the prediction interval. The positioning error reduction by
Case 1 was 36.5% over Case 2 and 54.2% over Case 3. The error reduction ratio was slightly
less than the RTS prediction error reduction ratio, 71.8% and 80.6%. This is because the
same prediction method, constant value prediction, was used for the clock prediction even
with the LSTM methods. The positioning error also included the error contribution from
the clock prediction error. In addition, the STD of all 3D positioning errors was 0.06 m,
0.16 m, 0.21 m, and 0.59 m for RTSorg, in Case 1, Case 2, and Case 3, respectively. The error
STD reduction ratio was similar to the error RMS reduction ratio.
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Figure 12. Positioning error at different prediction intervals (ONS1, 28 September–2 October 2022).

Table 3 shows the statistics of horizontal and vertical positioning errors over 5 days,
and similar to other results, the statistics covered the error during the prediction inter-
val. Compared with the case where no RTS interruption occurred, the error mean of the
proposed method, Case 1, increased by 0.15 m and 0.17 m in the horizontal and vertical
directions, respectively. Compared to the polynomial method in Case 3, the error reduction
by Case 1 was greater in the vertical direction, both in the mean and the STD. The mean
error reductions by Case 1 over Case 3 were 37.0% (horizontal) and 51.8% (vertical). The
STD of the error reductions by Case 1 over Case 3 were 63.7% and 70.2%. The reduction in
STD was slightly greater than the reduction in mean.
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Table 3. Statistics of horizontal and vertical positioning errors (ONS1, 28 September–2 October 2022
unit: meters).

RTSorg Case 1 Case 2 Case 3

H Mean 0.14 0.29 0.42 0.46
V Mean 0.10 0.27 0.51 0.56
H STD 0.04 0.12 0.13 0.33
V STD 0.06 0.14 0.21 0.47

6. Conclusions

The LSTM network is applied to predict IGS RTS orbit correction during periods of
data loss. The LSTM method offers better accuracy than the polynomial method when
the prediction period is long. IGS RTS corrections are generated to adjust the orbit and
clock information of the GNSS navigation message, which is regularly updated, and the
updates are identified by the IOD number. When the IOD changes, the corresponding
RTS correction changes abruptly and the RTS correction is no longer continuous after the
IOD change. This discontinuity makes it difficult to predict the RTS correction if the signal
loss occurs immediately after the IOD change. We propose an offset value to minimize
the RTS discontinuity by subtracting the navigation message orbits before and after the
IOD changes.

The proposed method was evaluated with five days of GPS and RTS orbit correction
data. The evaluation focused on the prediction performance when the RTS signal loss
occurred immediately after the IOD change. The results of the LSTM network were
compared with those of the polynomial method, and the results with the IOD change
adjustment were compared with those without IOD adjustments. The prediction interval,
corresponding to the signal loss duration, was set to 3000 s. Since the prediction accuracy of
the LSTM network for the RTS clock correction was not significant, the constant (0th order
polynomial) prediction method was used for both the LSTM and the polynomial methods.

The LSTM network method with the IOD change adjustment outperforms other meth-
ods. The reduction of the prediction error by the LSTM method with the IOD adjustment
over the 4th order polynomial method with the same IOD change adjustment is 80.6%. The
PPP positioning accuracy with the predicted RTS corrections shows similar behavior as the
RTS prediction. The LSTM method with the IOD adjustment outperforms other methods;
the vertical position error mean is reduced by 51.8% from the polynomial method without
the IOD adjustment and by 47.1% from the LSTM method with the IOD adjustment.

Author Contributions: Conceptualization, J.K.; data curation, B.K.; formal analysis, B.K. and J.K.;
investigation, B.K.; methodology, B.K. and J.K.; project administration, J.K.; software, B.K.; Supervi-
sion, J.K.; validation, B.K. and J.K.; visualization, B.K. and J.K.; writing–original draft preparation,
B.K.; writing-review and editing, J.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by Basic Science Program funded by the Ministry of Science
and ICT (NRF-2019R1F1A1062605).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bhattarai, S.; Ziebart, M. A performance analysis of the IGS predictions of the GPS satellite clocks. In Proceedings of the IGS

Workshop, Pasadena, CA, USA, 23–27 June 2014.
2. Ray, J.; Griffiths, J. Status of IGS ultra-rapid products for realtime applications. In Proceedings of the AGU Fall Meeting, San

Francisco, CA, USA, 18 December 2008.



Sensors 2022, 22, 9421 13 of 13

3. Hadas, T.; Bosy, J. IGS RTS precise orbits and clocks verification and quality degradation over time. GPS Solut. 2015, 19, 93–105.
[CrossRef]

4. Nie, Z.; Gao, Y.; Wang, Z.; Ji, S.; Yang, H. An approach to GPS clock prediction for real-time PPP during outages of RTS stream.
GPS Solut. 2017, 22, 14. [CrossRef]

5. El-Mowafy, A.; Deo, M.; Kubo, N. Maintaining real-time precise point positioning during outages of orbit and clock corrections.
GPS Solut. 2017, 21, 937–947. [CrossRef]

6. Cao, X.; Li, J.; Zhang, S.; Pan, L.; Kuang, K. Performance assessment of uncombined precise point positioning using multi-GNSS
real-time streams: Computational efficiency and RTS interruption. Adv. Space Res. 2018, 62, 3133–3147. [CrossRef]

7. Lv, Y.; Dai, Z.; Zhao, Q.; Yang, S.; Zhou, J.; Liu, J. Improved Short-Term Clock Prediction Method for Real-Time Positioning.
Sensors 2017, 17, 1308. [CrossRef] [PubMed]

8. Kim, M.; Kim, J. Predicting IGS RTS corrections using ARMA neural networks. Math. Probl. Eng. 2015, 2015, 851761. [CrossRef]
9. Kim, M.; Kim, J. GA-ARMA model for predicting IGS RTS corrections. Int. J. Aerosp. Eng. 2017, 2017, 6316590. [CrossRef]
10. Kim, M.; Kim, J. A short-term prediction method of the IGS RTS clock correction by using LSTM network. J. Position. Navig.

Timing 2019, 8, 209–214.
11. Kim, B.; Kim, M.; Kim, J.; Bu, S.; Lee, C. Real-time LSTM Prediction of RTS Correction for PPP by a Low-cost Positioning Device.

J. Adv. Navig. Technol. 2022, 26, 119–124.
12. Kim, M.; Kim, J.; Kim, J. Prediction of the IGS RTS Correction using Polynomial Model at IOD Changes. J. Adv. Navig. Technol.

2020, 24, 533–539.
13. Weber, G.; Mervart, L.; Lukes, Z.; Rocken, C.; Dousa, J. Real-time clock and orbit corrections for improved point positioning via

NTRIP. In Proceedings of the ION GNSS 2007, FortWorth, TX, USA, 25–28 September 2007; pp. 1992–1998.
14. Elsobeiey, M.; Al-Harbi, S. Performance of real-time precise point positioning using IGS real-time service. GPS Solut. 2016, 20,

565–571. [CrossRef]
15. International GNSS Service RTS Products. Available online: https://igs.org/rts/products/ (accessed on 13 October 2022).
16. RTCM Special Committee. RTCM Standard 10403.3 Differential GNSS (Global Navigation Satellite Systems) Services-Version 3, No. 104;

RTCM Special Committee: Arlington, TX, USA, 2016.
17. Li, G.; Lin, Y.; Shi, F.; Liu, J.; Yang, Y.; Shi, J. Using IGS RTS Products for Real-Time Subnanosecond Level Time Transfer. In

Proceedings of the 9th China Satellite Navigation Conference, Harbin, China, 23–25 May 2018.
18. Kim, M.; Myung, J.; Kim, J. A performance analysis of the IGS real-time service. In Proceedings of the 2016 Korean GNSS Society

Conference, Jeju, Republic of Korea, 2–4 November 2016.
19. Kim, M.; Kim, J.; Kim, J. An analysis of the IGS RTS correction changes after IOD changes. In Proceedings of the Korean

Navigation Institute Conference, Online, 23 October 2020.
20. Kim, J. Development of Real-Time Precise Satellite Navigation Device Using RTS Correction with Bidirectional LSTM Algorithm.

Master’s Dissertation, Korea Aerospace University, Goyang, Republic of Korea, February 2021.
21. Hochreiter, S.; Schmidhuber, J. Long Short-Term Memory. Neural Comput. 1997, 9, 1735–1780. [CrossRef] [PubMed]
22. Cui, Z.; Ke, R.; Pu, Z.; Wang, Y. Deep Bidirectional and Unidirectional LSTM Recurrent Neural Network for Network-wide Traffic

Speed Prediction. In Proceedings of the International Workshop on Urban Computing, London, UK, 19 August 2018.
23. Zhang, G.; Li, X.; Wang, X.; Zhang, Z.; Hu, G.; Li, Y.; Zhang, R. Research on the Prediction Problem of Satellite Mission

Schedulability Based on Bi-LSTM Model. Aerospace 2022, 9, 676. [CrossRef]
24. Greff, K.; Srivastava, R.; Koutnik, J.; Steunebrink, B.; Schmidhuber, J. LSTM: A Search Space Odyssey. IEEE Trans. Neural Netw.

Learn. Syst. 2017, 28, 2222–2232. [CrossRef] [PubMed]
25. Hadas, T.; Kaplon, J.; Wilgan, K.; Bosy, J.; Sierny, J. Verification of real-time IGS products and their influence on Precise Point

Positioning. In Proceedings of the GNSS PPP Workshop: Reaching Full Potential, Ottawa, ON, Canada, 12–14 June 2013.
26. Kingma, D.; Ba, J. Adam: A Method for Stochastic Optimization. arXiv 2017, arXiv:1412.6980.
27. RTKLIB: An Open-Source Program Package for GNSS Positioning. Available online: https://rtklib.com/ (accessed on

13 October 2022).

http://doi.org/10.1007/s10291-014-0369-5
http://doi.org/10.1007/s10291-017-0681-y
http://doi.org/10.1007/s10291-016-0583-4
http://doi.org/10.1016/j.asr.2018.08.023
http://doi.org/10.3390/s17061308
http://www.ncbi.nlm.nih.gov/pubmed/28587307
http://doi.org/10.1155/2015/851761
http://doi.org/10.1155/2017/6316590
http://doi.org/10.1007/s10291-015-0467-z
https://igs.org/rts/products/
http://doi.org/10.1162/neco.1997.9.8.1735
http://www.ncbi.nlm.nih.gov/pubmed/9377276
http://doi.org/10.3390/aerospace9110676
http://doi.org/10.1109/TNNLS.2016.2582924
http://www.ncbi.nlm.nih.gov/pubmed/27411231
https://rtklib.com/

	Introduction 
	Background and Methods 
	Overview of RTS Correction 
	Analysis of the RTS Correction at the Time of IOD Change 
	Change in RTS Correction and Navigation Message at the Time of IOD Change 
	LSTM Network 

	Data Processing 
	RTS Prediction Results 
	PPP Performance Analysis Using RTS Predictions 
	Conclusions 
	References

